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Abstract

Abstract

Friction stir based technologies (FSBT), such as friction stir welding (FSW) and friction
stir processing (FSP), are assumed as environment-friendly techniques for the
joining/mechanical enhancement of several materials. However, in spite FSW and FSP
have already been explored in important sectors of the transportation industry and in
research, an exact knowledge of the thermo-mechanical conditions developed during
welding/processing is still missing. There is no systematic information on the contact
conditions between the FSW/P tool and the materials being processed and its relationship
with process parameters and base materials mechanical, microstructural and surface
properties, which difficult the control of the heat generation and plastic deformation
during welding/processing.

FSBT are widely used for welding/processing heat treatable and non-heat-treatable
aluminium alloys. On the other hand, although steels are the most widely used materials
for engineering applications, due to its high melting temperature, the challenges related
to the tool design and wear, still limits the welding/processing of these materials by FSBT.
In this work, the main stir-based mechanisms, occurring during the FSW and friction stir
spot welding (FSSW) processes, of heat treatable (AA2017-T451, AA6082-T651 and
AAT7075-T651) and non-heat-treatable (AA5083-H111) aluminium alloys, a mild steel
(DCO01), a high strength steel (HC420 LA), a dual-phase steel (DP600) and three different
galvanised steels (DC01-ZE25/25, DX51D-Z140 and DX51D-Z200), were analysed. A
thermal and mechanical analysis, which aimed the understanding of the heat generation
mechanisms and the tool/workpiece interaction, respectively, was conducted using
experiments and numerical simulation.

The experimental welding tests were performed under a diversified range of
welding conditions, which enabled to analyse the influence of the tool dimensions,
rotational speed, traverse speed, and base material mechanical and surface properties, on
the welding/processing mechanisms. In all the welding trials, tungsten carbide pinless
tools were used to enable extending the analysis of the heat generation to the welding of
ferrous and non-ferrous alloys, avoiding the pin failure, and studying the feasibility of

using pinless tools for the joining of thin steel plates. The thermo-mechanical conditions
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during welding were assessed by registering the evolution of the welding temperatures
and the tool torque and by conducting the mechanical, morphological and microstructural
characterization of the welds.

The welding/processing mechanisms were also investigated by creating a database,
containing experimental results from the literature, and relating the processing parameters
with the process outputs, such as the tool torque and temperature. Additionally, the
experimental data was coupled with numerical simulation from a 3D thermo-mechanical
model for the FSW/P processes. A parametric finite element analysis on the influence of
the processing parameters, tool dimensions and base material plastic properties, on the
evolution of the contact conditions, strain rate, material flow, temperature and tool torque
was conducted.

The investigation enabled to conclude that the tool dimensions have a very
important influence, not only on the heat generation but also on the volume of material
being stirred during welding/processing. The tool rotational speed is an important
parameter controlling the heat generation and the strain rates experienced in the stirred
volume. The only exception was observed for the FSSW of aluminium alloys, where for
a constant tool geometry, a threshold in the welding temperatures was registered, which
is independent of the rotational speed used. The traverse speed and the base material
thickness were also found to be important factors governing the heat dissipation during
welding/processing. The data from the experiments and from the numerical simulation
were used for developing and calibrating analytical models for the torque and
temperature, which were validated by fitting welding/processing data available from
previous research works.

The use of pinless tools was also proved to be effective for the lap welding of thin
steel plates. When welding with pinless tools, no material stirring across the lap interface
takes place, which enables producing lap welds with no hooking or cold lap defects, and
in this way, good mechanical strength, even for very high traverse speeds, in linear

welding, or using very short process cycle times, in spot welding.

Keywords: Friction Stir Based Technologies; Friction Stir Welding; Thermo-

mechanical conditions; Modelling.
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Resumo

As técnicas friction stir welding (FSW) e friction stir processing (FSP), sdo técnicas
amigas do ambiente utilizadas para a soldadura/processamento de diversos materiais.
Neste sentido, apesar dos processos de FSW e FSP ja terem sido analisados em setores
da inddstria de transportes e em diversos trabalhos cientificos, ainda ndo ha um
conhecimento exato das condi¢6es termomecéanicas desenvolvidas durante o processo de
soldadura/processamento, uma vez que as condic¢des de contacto entre a ferramenta e 0s
materiais processados ndo séo ainda totalmente compreendidas, nem a sua relagdo com
0s parametros de processo e com as transformacdes mecanicas, microestruturais e
superficiais dos materiais de base, o que dificulta o controlo da geracdo de calor e da
deformacéo plastica durante o processo de soldadura/processamento.

As referidas técnicas sdo amplamente utilizadas para soldar/processar ligas de
aluminio trataveis termicamente e ndo trataveis termicamente. Por outro lado, embora os
acos sejam muito utilizados em aplicacfes de engenharia, o desgaste da ferramenta € uma
importante limitacdo para a soldadura/processamento desses materiais. Nesse sentido,
neste trabalho os principais mecanismos térmicos e mecanicos, que ocorrem durante a
soldadura/processamento em ligas de aluminio trataveis (AA2017-T451, AA6082-T651
e AA7075-T651) e ndo trataveis (AA5083-H111) termicamente, aco macio (DCO01), aco
de elevada resisténcia (HC420 LA), aco bifasico (DP600) e em trés acos galvanizados
(DCO01-ZE25/25, DX51D-Z140 e DX51D-Z200) foram analisados através da realizacédo
de diversos ensaios experimentais e simulagdo numeérica.

Foi testada uma gama alargada de condi¢6es de soldadura o que permitiu analisar a
influéncia das dimensbes da ferramenta, da velocidade de rotacdo e avanco e das
propriedades do material de base nas condi¢Ges termomecanicas do processo. Em todos
0s ensaios realizados, foram utilizadas ferramentas sem pino de forma a permitir alargar
a analise da geracdo de calor em ligas ferrosas e ndo ferrosas, evitando o colapso do pino,
e estudar a viabilidade de utilizar ferramentas sem pino para produzir soldaduras em aco.
Para avaliar as condi¢des termomecanicas durante o processo de soldadura foi registada
a evolucdo das temperaturas e do binario da ferramenta e realizada a caracterizacédo

mecanica, morfoldgica e microestrutural das soldaduras produzidas.
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Os mecanismos de soldadura/processamento foram também investigados através da
criagdo de uma base de dados com resultados experimentais da literatura, relacionando
0s parametros operatorios com o binério e a temperatura. Adicionalmente, os dados
experimentais foram complementados através da andlise numérica de um modelo
termomecénico 3D dos processos FSW/P. Foi realizada uma analise paramétrica sobre a
influéncia dos pardmetros de processo, dimensfes da ferramenta e propriedades plasticas
do material de base na evolugdo das condi¢fes de contacto, taxa de deformacéo plastica,
transporte de material, temperatura e binario da ferramenta.

A investigacao realizada permitiu concluir que a as dimensdes da ferramenta tém
uma influéncia muito importante, ndo sé na geracao de calor, mas também no volume de
material processado, enquanto que a velocidade de rotacdo governa a geracédo de calor e
a taxa de deformacdo plastica. A unica excecdo foi observada para as soldaduras por
pontos de ligas de aluminio, onde para uma ferramenta com geometria constante, atingiu-
se um limite na geracdo de calor, independente da velocidade de rotagdo utilizada. A
velocidade de avango e a espessura do material de base sdo também fatores importantes
que governam a dissipacédo de calor durante o processo de soldadura/processamento.

Os dados experimentais e numéricos foram também utilizados para o
desenvolvimento e a calibracdo de modelos analiticos, capazes de prever a evolucgdo do
binario e da temperatura com os diversos parametros operatorios do processo.

Por fim, o estudo efetuado permitiu concluir que é possivel utilizar ferramentas sem
pino para produzir soldaduras em ago em junta sobreposta com excelente qualidade. Para
ferramentas sem pino, ndo ocorre mistura do material ao longo da espessura das chapas a
soldar, o que permitiu a producéo de soldaduras sem a formacao de defeitos e com boa
resisténcia mecanica, mesmo para velocidades de avanco muito elevadas ou tempos de

ciclo de soldadura curtos para soldadura por pontos.

Palavras-chave: Friction Stir Based Technologies; Friction Stir Welding;

Condic¢6es termomecanicas; Modelacéo.
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Introduction

1. Introduction

The friction stir based technologies (FSBT) are a family of solid-state processing
techniques used for the joining and/or mechanical enhancement of metallic materials.
These techniques are labelled “stir based” since it were derived from the friction stir
welding (FSW) and friction stir processing (FSP) technologies, envisaging diversified
industrial applications. In Table 1 are listed some of the FSBT developed up to date. Since
all the stir-based techniques are based in the same operating procedures of the FSW
process and display similar thermo-mechanical conditions, in some parts of the document,
instead of referring to FSBT, it will be only written FSW. However, it is important to
enhance that all the conclusions and modelling assumptions, assumed in current work,

are valid for all the welding and processing variants of the FSW technology.

Table 1 — Friction stir based technologies.

FSBT Application Variants
Friction melt bonding process [2]
Pulsed friction stir welding [3]
Tool assisted friction stir welding [4]
Friction stir Joining Friction stir soldering [5]
welding [1] Friction stir spot welding [6]
Friction stir riveting [7]
Friction bit joining [8]
Friction stir spot brazing [9]
Friction stir surfacing [11]
Friction stir Mechanical Friction stir channelling [12]
processing [10] enhancement Friction stir texturing [13]
Friction stir consolidation [14]

linear

spot

As schematised in Figure 1, the stir-based technologies make use of a rotating non-
consumable tool, which is subjected to an axial force and linear motion, during materials
processing [15]. The tool rotation and translation motions promote, not only, the heating
by friction of the materials to be joined/processed, but also its plastic deformation under
complex loading conditions and very high strain rates. The material stirring is so complex
that the flow of the material is usually described as a combination of forging and extrusion

[16]. In Figure 2 is shown the standard geometry of a tool, which typically consists of a
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round shoulder and a pin [17]. The pin is usually classified according to the geometry,
such as cylindrical, conical or faceted, and may also be threaded, flat or grooved [17].
Like the pin, the shoulder may also have diversified configurations. Some of the most
common are the conical, concave, convex and flat, with or without concentric rings.
According to Threadgill et al. 2009 [18], the shoulder is the tool component responsible
for the heat generation, due to the friction with the surface of the workpiece. The primary
function of the pin, on the other hand, is to promote the material flow throughout the
thickness of the workpiece, due to the combined action of its rotational and translational
movements [15]. The axial force and the tool plunge depth are the process parameters
responsible for ensuring the contact between the tool and the base material. The tool tilt
angle, which corresponds to the angle between the axis of rotation and the welding
perpendicular direction, also contributes in controlling the tool forging action and,
consequently, the material flow around the tool.

Typically, the stir-based technologies can be operated in position control or force
control. Position control consists in plunging the tool in the material to be
welded/processed, to a predetermined depth, while force control consists in plunging the
tool until a predetermined axial force is reached. As shown in Figure 1, in FSW, the main
process parameters are the tool geometry, the rotational speed (w), the traverse speed (v),
the tilt angle (at) and the tool axial force (F;), in force control, or the tool plunge depth
(d;), in position control. According to the literature, the tool rotational and traverse speeds
are important process parameters since they control the heat input and the material flow
during welding, and consequently, the final properties of the processed materials. Also,
due to the simultaneous rotation and linear motions of the tool, the material flow is not
symmetrical around the tool axis, being possible to identify two opposite sides in each
stir welded/processed operation: the advancing (AS) and the retreating (RS) sides. The
advancing side is the side of the tool where the rotational direction is the same as the
traverse direction, while the retreating side corresponds to the side of the tool where the
tool rotation is opposite to the tool travel direction.

A complementary process, to FSW, is the friction stir spot welding (FSSW)
technology, whose main difference, relative to the linear FSW, is that the advancing
displacement of the tool does not exist. In FSSW, the tool is plunged into the base
material, until a desired plunging depth is reached. A dwell stage begins after the plunge
depth is achieved, during which the tool remains in contact with the upper plate surface,

heating and stirring the base materials, until the tool removal. Usually, since the weld
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processing time only lasts a few seconds, FSSW can be considered a transient process
because of the short thermal cycles.

The materials stirred by any of the FSBT are composed of several regions, with
different microstructures, as schematized in Figure 2. In the figure, the region identified
as Base Material (BM), represents the portion of material which is not affected by the
heat or plastic deformation induced by the process. The Heat Affected Zone (HAZ)
represents the portion of material which did not undergo any plastic deformation during
welding, but it was subjected to thermal cycles which induced microstructural changes
on it. The Thermomechanical Affected Zone (TMAZ) represents the portion of material
which, simultaneously, experienced plastic deformation and high temperatures, during
processing. Inside this region, the Nugget, represents the part of the TMAZ which

underwent the highest temperatures and the most intense plastic deformation, gathering

optimum conditions for the occurrence of dynamic recrystallisation.

Figure 1 - Schematic representation of the friction stir based process.

BM HAZ TMAZ Nugget Pin  Shoulder

Figure 2 - Tool geometry and different microstructural zones.

In stir-based technologies, both the heat generation and the material flow, are

determined by the process parameters, the tool geometry and the base material properties,
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which in turn, determine the thermo-mechanical conditions developed during welding.
The suitability of the FSW technology to weld materials such as aluminium alloys [18—
20], steels [21,22], magnesium alloys [23,24], titanium alloys [25], polymers [26-28],
among others, was already proved. However, despite the large number of practical
applications and research studies on FSW and other stir-based technologies, there is still
an important gap in which concerns to the knowledge of the fundamental mechanisms
taking place during welding. Due to the absence of accurate models of the FSW thermo-
mechanisms, any new process development is planned based on trial-and-error
experiments.

The uncertainties relative to the thermo-mechanisms governing the friction stir
based processes include the characterization of the contact conditions, between the tool
and the workpiece, the understanding of the mechanisms governing the heat generation
and the characterization of the material flow and the way it is determined by the
mechanical properties of the base materials. The analysis of this former aspect is
especially complex, since information on the mechanical behaviour of metallic materials,
at the temperatures and strain rates imposed by the stir-based technologies, is almost
inexistent in the literature. The lack of data results from the difficulty in reproducing the
complex loading conditions imposed by the welding tool on the base materials, using
current laboratory apparatus.

In addition to the above-described problems, it is also important to enhance that the
analytical models available in the literature for predicting the temperature and torque,
which are process outputs related to the thermal and mechanical energies associated with
the process, were developed considering a very narrow ranges of process parameters and
most of it lack experimental validation. Also, most of the models formulations are
complex, requiring difficult to determine variables, such as the contact conditions, the
friction coefficient and/or base material properties under the thermo-mechanical
conditions imposed by the FSW process [29]. So, developing reliable and efficient
models, enabling to determine the torque and temperature, based on process parameters,
is still required. Such models would enable predicting and controlling the welding
temperature, which is useful for avoiding the formation of defects due to inadequate
material flow, for optimizing welds properties, such as microstructure and strength, as
well for limiting the heat input in the structure, allowing to minimize residual stresses and

distortions. Predicting the torque and temperature, according to the base material and
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process parameters, is also useful for developing real time process control strategies, a
main requirement of Industry 4.0 [30-33].

In the investigation performed under this dissertation, a thermal and mechanical
analysis of two stir-based technologies, the FSW and FSSW processes, was performed.
The thermal and mechanical analysis, which aimed the understanding of the heat
generation mechanisms and the tool/workpiece interaction, respectively, was developed
by performing a coupled experimental and numerical investigation, for two base material
families: ferrous and aluminium alloys.

The experimental plan considered the execution of a large number of bead-on-plate
spot welds in aluminium alloys, as well as performing spot and linear lap welding of
several steels. The aluminium alloys used in the investigation were the AA2017-T451,
AA5083-H111, AA6082-T651 and AA7075-T651 alloys. The steels tested were the
DCO01, HC420 LA and DP600 non-galvanised steels and the DC01-ZE25/25, DX51D-
Z140, DX51D-Z200 galvanised steels. A wide range of welding conditions were tested
for all the base materials and, for all the welding trials, tungsten carbide pinless tools,
with different diameters, were used. The use of these type of tools enabled, not only,
performing an analysis of the heat generation and torque evolution, with process
parameters, for the ferrous and non-ferrous alloys, but also, to study the suitability of the
pinless tools to be used for the joining of thin steel plates, which is an almost unexplored
subject in the literature. To accomplish this last objective, a deep morphological and
mechanical characterization of spot and linear lap steel welds, produced under a very
diversified range of tool diameters and rotational and traverse speeds, was also performed.
In this analysis, special attention was put in characterizing the influence of the galvanised
coating on the thermo-mechanical conditions developed during welding, and in this way,
on the welds properties.

In addition to the experimental tests, to enable a clear understanding of the
phenomena governing the evolution of the welding temperature and torque during the
FSW and FSSW of aluminium alloys, a database with a broad range of experimental
results, from the literature, was generated. The experimental results, obtained under the
scope of current dissertation, and the literature data, were coupled with the results of a
numerical simulation analysis, performed using COMET, a FSW dedicated software,
developed by CIMNE. Analytical models, which enable calculating the torque and the

temperature in the spot and linear welding of ferrous and non/ferrous alloys, were
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developed and validated. The numerical analysis was also used for explaining some
aspects of the heat generation in the spot welding of galvanised steel plates.

1.1.0ODbjectives

The objectives of current work were, in first, to understand the thermo-mechanical
phenomena governing the heat generation and the torque evolution in stir-based
techniques, in second, to establish analytical models that can be used to optimise and
guide the industrial implementation of these techniques, and in third, to assess the
suitability of using pinless tools in the spot and linear welding of very thin steel plates. In

order to reach these objectives, the following tasks were performed:

e Thermal Analysis
Temperature measurements were carried out when performing bead-on-plate spot
welding of aluminium alloys, and linear and spot welding of steels, under a very
diversified range of processing conditions. A database with temperature and
process parameters, collected from the literature, was generated. The information
of the database was used for establishing the process parameters window to be
tested in the numerical simulation analysis, performed with COMET software, as
well as for validating the models developed under the scope of the dissertation.
The models developed, using the coupled experimental-numerical analysis,
enable determining the temperature, from process parameters, in FSW and FSSW

of aluminium alloys and steels.

e Mechanical analysis
Torque measurements were performed in the same tests carried out for assessing
the thermal cycles and data on the torque evolution with process parameters was
collected from the literature. The evolution of the contact conditions, between the
tool and the workpiece, with process parameters, was analysed using numerical
simulation. In the same way, the strain rates experienced by the base materials
were assessed using numerical simulation and the main processing parameters
governing it were determined. As for the temperature, relationships between the
processing parameters, the tool geometry and the tool torque were established and

validated.
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e Process assessment

The phenomena that govern the material flow and the heat generation, as well as
the bonding mechanisms, in the spot and linear lap welding of galvanised and non-
galvanised steels, with pinless tools, were analysed using experiments and
numerical simulation. Microstructural and mechanical characterization of the
welds was performed in order to assess the strength and properties of the joints.
Process parameters windows were established for the linear and spot lap welding
of steels with pinless tools.

1.2.Reading guide

The text of this dissertation was organised to provide a comprehensive synopsis of the
overall investigation. In the next chapters, results already published in the form of articles
will be complemented with some unpublished data. In Table 2 are listed the articles in
which most of the results of the thesis were published. The ID provided in the table, for
each article, will be used throughout the text for identifying the published results,
whenever they are provided in the form of figures and tables. The thesis is divided into
seven chapters, that will be described in the next (except the current Chapter 1,
Introduction).

In Chapter 2, labelled Materials and Methods, are introduced the base materials
tested in this work, as well as the testing plan developed with the aim of performing a
sensitivity analysis on the thermo-mechanical conditions in stir-based technologies.
Details of the fully coupled thermo-mechanical model, implemented in COMET, the
software which was used to simulate the FSW and FSSW processes, are also provided.

In Chapter 3, labelled Thermal Analysis, the heat generation and dissipation in
FSBT is discussed. This chapter includes a state-of-the-art on the subject under analysis,
as well as the results obtained in current investigation. Those results are discussed and its
original contribution in relation to the current knowledge on FSBT will be highlighted.
In this chapter, the results already published in the articles listed in Table 2 are
complemented with data still unpublished.

In Chapter 4, labelled Mechanical Analysis, it is addressed the mechanical
interaction between the tool and the workpiece. The mechanisms governing the transport
of material and the contact conditions, in FSBT, are discussed. The strain rates and tool

torque are also assessed. As in Chapter 3, first, it is provided a state-of-the-art on the
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subject, and then, the results obtained are discussed. Again, the published data is
complemented with some unpublished results.

In Chapter 5, labelled Process Assessment, are presented the results of the
mechanical and microstructural characterization of steel welds, produced using pinless
tools. In addition to the analysis of the welds produced, the thermo-mechanical conditions
developed during the welding of galvanised and non-galvanised steels will be compared
and the bonding mechanism will be identified. Based on this analysis, process parameters
windows, for the lap joining of thin steel plates, with pinless tools, will be provided. As
in the previous chapters, a state-of-the-art on the subject under analysis will be presented
before the discussion of results.

In Chapter 6, labelled Conclusions and Future Work, are presented the main
conclusions of the thesis and some suggestions for future work.

In Chapter 7, labelled References, are listed all the references cited in this work.

Finally, in Appendices A to E, are presented the papers produced within the scope

of the dissertation.

Table 2 — Published articles in the scope of the current work.

Article . JIF
ID Title Journal Year (2019)
Properties of lap welds in low Journal of
A carbon galv_anised_ste_:el produ_ced Materia_lls 2018 | 4.799
by tool assisted friction welding Processing
[34] Technology
Influence of base material
characteristics and process Journal of
B parameters on frictional heat Manufacturing | 2019 | 4.229
generation during Friction Stir Processes

Spot Welding of steels [35]

. International
Modelling torgque and Journal of

C temperature in friction stir - 2020 | 4.456
. - Mechanical
welding of aluminium alloys [36]

Sciences
Analysis of contact conditions and | International
its influence on strain rate and Journal of
D temperature in Friction Stir Mechanical 2021 | 4.456
Welding [37] Sciences
Influence of the galvanized
coating thickness and process .
E parameters on heat generation Thin-Walled 2021 | 4.108
Structures
and strength of steel spot welds
[38]
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2. Materials and Methods

This chapter, in which are introduced the base materials and methodologies used in the
current investigation, is divided in three different parts. In the first part, the base materials
used in the investigation are identified and their main properties are described. In the
second part, the processing parameters and the tool geometries tested, for the
characterization of the thermo-mechanical conditions developed during welding, as well
as the laboratory techniques applied for the mechanical and microstructural
characterization of the welds, are described. In the third part, the fully coupled thermo-
mechanical model used to simulate the FSW and FSSW processes is introduced. The
assumptions made for modelling the contact conditions in FSW are also explained and
validated in this chapter.

2.1.Base materials

To date, the most common base materials welded/processed using FSBT were the
aluminium alloys. So, due to the huge quantity of results and information available, a
database collecting experimental results from the literature, regarding the torque and
temperature measurements in FSW and FSSW of AA2xxx, AAbxxx, AABxxx and
AATxxx aluminium alloys, was constructed. An experimental campaign was also
conducted, envisaging the analysis of the heat generation in stir-based processes. In that
analysis, the heat treatable AA2017-T451, AA6082-T651 and AA7075-T651 aluminium
alloys and the non-heat treatable AA5083-H111 aluminium alloy, provided in 10 mm
thick plates, were used. By using thick aluminium alloy plates it was intended to fully
capture the entire size and morphology of all the process affected zones, which was useful
for comparing the thermal and mechanical response of the different alloys.

The aluminium alloys yield strength (oy), ultimate tensile strength (UTS), hardness
(HVo.2) and thermal conductivity (k), at room temperature, are compared in Figure 3. As
it is possible to conclude from the figure, all the alloys tested displayed important
differences in yield and tensile strength. The thermal conductivity was also similar for the

heat-treatable alloys, but 30% lower for the non-heat treatable alloy.
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Figure 3 - Aluminium alloys and their properties: yield strength (oy), ultimate tensile strength
(UTS), hardness (HVo.2) and thermal conductivity (k).

Steels were the other family of base materials considered in this study, due to its
enormous potential to be used in the analysis of the thermo-mechanical phenomena in
FSW. This potential results from the huge amount of information on the metallurgical
and mechanical behaviour of steels at very high temperatures and strain rates. In this
work, a dual-phase steel (DP600), a high strength steel (HC420), a mild steel (DC01) and
three galvanised steels (DC01-ZE25/25, DX51D-Z140 and DX51D-Z200), all provided
in 1 mm thick plates, were used. The ultimate tensile strength, hardness, equivalent carbon
content (Ceq), grain size (GS) and galvanised coating thickness (CTh) of the different
steels tested in the investigation are compared in Figure 4. As it shown in the figure, the
DCO01, DC01-ZE25/25, DX51D-2140 and DX51D-Z200 steels had similar chemical
composition and mechanical properties, while having different galvanised coating
thicknesses. These steels were properly selected to enable the analysis of the galvanised
coating thickness on the heat generation during welding. The DP600 and HC420 steels
were selected to display important differences in strength and equivalent carbon content,
relative to the DCO1 steel. Throughout the text, the steels DP600, HC420, DC01, DCO01-
ZE25/25, DX51D-Z140 and DX51D-Z200 will be labelled as DP, HC, DC, DCR2.5,
DXR10 and DXR14, respectively.

10
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Figure 4 - Steels and their properties: ultimate tensile strength (UTS), hardness (HVo.2), galvanised
coating thickness (CTh), carbon content (Ceq) and grain size (GS) (adapted from “Article E”).

2.2.Experimental procedures

The welding tests carried out under the scope of this thesis were performed using tungsten
carbide (WC) pinless tools, with a flat shoulder, as that schematised in Figure 5. Pinless
tools were chosen in order to enable producing aluminium and steel welds, under a varied
range of welding conditions, without pin collapse. By excluding the pin from the tool
geometry, no important influence on the temperature results was expected, relative to
conventional FSW tools, since it was already established, by previous authors, that the
tool shoulder has the prominent role on the heat generation during welding. To analyse
the influence of the tool dimensions on the heat generation, tools with shoulder diameters
of 10, 12, 14, 16 and 18 mm were tested. In the text, the different tools will be labelled
according to the tool diameter as PL10, PL12, PL14, PL16 and PL18, respectively.

To analyse the influence of the tool material on the thermo-mechanical conditions
developed during welding, uncoated and coated WC tools were tested. Monolithic CrAIN
and CrAIAgN coatings, and a multi-layered CrAIN/TiAIN film, were tested for the coated
tools. The chemical composition, the mechanical properties and the thickness of the

different coatings are displayed in Table 3.
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Figure 5 — Tool geometry and designation (adapted from “Article A”).

Table 3 — Chemical composition, mechanical properties and thickness of the coatings.

CrAIN CrAIAgN CrAIN/TiAIN
crosz | TS| A1
. " 0 B . :
Chemical composition (at.%) ﬁ:,jglg Ag-103 Ti_ 133
' N —49.7 N- 47.5
Hardness (GPa) 18 20 20
Young’s Modulos (GPa) 280 251 469
Elastic strain to failure (H/E) 0.064 0.080 0.043
parameter
Coating thickness (um) 2.6 3.1 35

To assess the influence of the tool dimensions, of the rotational and the traverse
speeds, of the contact conditions and of the base material properties, on the thermo-
mechanical conditions developed during welding and on the joints characteristics, in spot
and linear welding of the ferrous and non-ferrous alloys, different experiments were
conducted, using the apparatus displayed in Figure 6. As shown in the figure, all the
welding tests were performed in a MTS I-STIR PDS machine, in position control. In the
experiments performed, the thermal analysis was conducted by recording the welding
temperature fields with a FLIR A655sc thermographic camera and analysing it by using
the procedures developed under the scope of this thesis, which are described in “Article
B”. To perform the mechanical analysis, the instantaneous evolution of the spindle torque
was also recorded and analysed. Several welding trials were performed using the
parameters represented in Table 4 to Table 7. The different welding trials were conducted

with the following objectives:

1. To perform a sensitivity analysis on the influence of base materials
characteristics, tool dimensions and rotational speed, on the thermo-
mechanical conditions occurring during spot welding. With this objective,

spot welds in DC, HC and DP steels and bead-on-plate spot welds in
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AA2017, AA5083, AA6082 and AA7075 aluminium alloys, were
produced. This analysis was performed by varying the tool diameter and the
rotational speed between 10 to 18 mm and 660 to 1500 rpm, respectively.
In all the spot welding experiments, a long dwelling period of 60 s was used,
to ensure that steady-state conditions were reached until the end of the
welding process (Table 4).

. To analyse the influence of the tool material on the heat generation. This
analysis was performed by testing monolithic (CrAIN and CrAlAgN)
coatings and a multi-layered coating (CrAIN/TiAIN). The coatings were
produced in 12 mm diameter tools and tested in the spot welding of the
AA6082 aluminium alloy, using a rotational speed of 660 rpm. The
selection of the base material for testing the coated tools was based on
previous works from the workgroup [39,40], which showed that this alloy
experience intense flow softening during welding, a characteristic
favourable for ensuring that the coating was not destroyed/removed during
the welding (Table 5).

. To test the use of pinless tools in the spot welding of steels. Uncoated steel
plates and galvanised steel plates, with different coating thicknesses, were
used in this study. The influence of the galvanised coating on the heat
generation was analysed by producing spot welds in DC, DCR2.5, DXR10
and DXR14 steels with rotational speeds between 870 to 1500 rpm and a
constant tool diameter of 12 mm. The influence of the galvanised coating
on the welding time was assessed by testing dwelling periods of 5, 15, 30
and 60 s, in the spot welding of the DC and DXR14 steels, i.e. in the
uncoated steel and in the steel with the highest coating thickness. In these
tests, the rotational speed and the tool diameter were varied between 870 to
1500 rpm and 10 to 16 mm (Table 6).

. To test the use of pinless tools in the linear lap welding of galvanised steels.
The influence of the advancing speed on the thermo-mechanical conditions
developed during welding was analysed by performing linear welds in

DXR14 steel, i.e. the steel with the highest coating thickness. The tests were
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carried out by varying the tool diameter, and the rotational and the traverse
speed, from 10 to 16 mm, 600 to 1400 rpm and 200 to 1200 mm/min,

respectively (Table 7).

After welding, for the microstructural analysis, metallographic samples were
extracted from the welds, polished according to standard procedures, etched and
observed/analysed using a Leica DM 4000M LED optical microscope and a CARL ZEISS
Merlin field microscope, for the scanning electron microscopy and energy-dispersive X-

ray spectroscopy (SEM/EDS) of the samples.

Assessing thermo-mechanical
conditions during welding
=Y *

MTS I-STIR
PDS

i
1
]
]
1
I
I
1
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]
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1
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Thermographic camera

Linear wglding
/

) v
Instron 4206 universal GOM Aramis SM digital
tensile machine image correlation system

. N Microstructural characterization
Influence of- .
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* Tool dimensions % l 5
» Contact conditions g R ]
* Base material M H L'

Leica DM 4000M LED CARL ZEISS Merlin field emission
Optical microscope  scanning electron microscope and
energy-dispersive X-ray
spectroscopy (SEM/EDS)

Figure 6 — Schematic representation of the experimental work conducted.

The strength of the spot and linear steel welds was assessed by performing tensile-

shear tests in an Instron 4206 universal tensile testing machine, operating in quasi-static

14



Materials and Methods

loading conditions. For the spot welds, tensile-shear samples were prepared according to

Figure 7a. For the linear welds, retreating and advancing side lap shear specimens were

prepared as schematised in Figure 7b and c, respectively, and tested according to the

procedures described in Costa et al. 2015 [41]. To prevent the bending of the samples

during testing, plates with a thickness equal to that of the welded sheets were glued at

each end of the shear tension samples. During testing, the GOM Aramis 5M system was

used for strain data acquisition using Digital Image Correlation (DIC), following the

procedures detailed in Leitdo et al. [42,43]. Hardness measurements were performed,

transverse to the cross section of the welds, using a Shimadzu Microhardness Tester, with
200 g load and 15 s holding time.

Table 4 — Welding parameters used in the experimental trial number 1: sensitivity analysis of the

base materials characteristics, tool geometry and rotational speed on the welding thermo-mechanical

conditions.
. Pate Tool . Plunge
. Joint . . Rotational . Dwell
Material X . thickness diameter Tilt angle [°] depth .
configuration [mm] [mm] speed [rpm] [mm] time [s]
DC
HC lap joint 1 10-16 870 — 1500 0 0.5 60
DP
AA2017
AA5083
AABOS2 Bead-on-plate 10 10-18 660 - 1500 0 0.5 60
AAT075
Table 5 — Welding parameters used in the experimental trial number 2: sensitivity analysis of the
tool material on the welding thermo-mechanical conditions.
Joint Pate Tool Rotational ~ Tilt  Plunge Dwell
Material : . thickness  diameter Tool material speed angle depth time
configuration b
[mm] [mm] [rpm] [] [mm] [s]
wC
WC+ CrAIN
AA6082  Bead-on-plate 10 12 WC~+ CrAIAgN 660 0 0.5 60
WC+ CrAIN/TiAIN
Table 6 — Welding parameters used in the experimental trial number 3: sensitivity analysis on the
suitability of using of pinless tools to produce steel spot welds.
. Pate Tool . Plunge
Material con f}]oLljrr];tion thickness diameter SR:(EZ“[?”?:] Tilt angle [°] depth tilIDT]v(\;e[I;]
| [mm] [mm]  PeEOLP [mm]
DC
DCR2.5 -
DXR10 lap joint 1 10-16 870 - 1500 0 0.5 5-60
DXR14
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Table 7 — Welding parameters used in the experimental trial number 4: sensitivity analysis on the
suitability of using pinless tools to produce linear lap welds of galvanised steels.

_ Joint _Pate _Tool Rotational Tilt Plunge Advancing
Material configuration thickness diameter speed angle [] depth speed

[mm] [mm] [rpm] [mm] [mm/min]

DXR14 lap joint 1 10-16 600 - 1400 2 0.5 200 — 1200

Figure 7 - Schematic representation of the shear tension sample (a), and of the retreating (b) and
advancing (c) side lap shear specimens.

2.3.Numerical modelling

The thermo-mechanical conditions in FSW were analysed using COMET software, a 3D
thermo-mechanical model proposed by Chiumenti et al. 2013 [44] and Dialami et al. 2013
[45]. As shown in Figure 8, in this numerical model, three different domains, representing
the tool, the stir zone and the workpiece, are considered. A Lagrangian formulation is
used for modelling the rotating tool, while ALE and Eulerian formulations are used for
modelling the stir zone and the rest of the workpiece, respectively.

The Norton’s friction law is used to model the friction at the tool/workpiece
interface [46,47]:
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7 = a(D)lAv |7 Av;. 1)

In the previous equation, z is the friction shear stress, Avs is the relative sliding velocity
between the tool and the workpiece, q is the sensitivity to the sliding velocity and a(T) is
the consistency parameter given by

a(T) = —asK(T), )

where of is the friction coefficient and K(T) is the temperature dependent material
consistency. In order to ensure that the mixed contact conditions characteristic of the FSW
process were accurately captured by the numerical model, a(T) values ranging from 50 to
500 MPa, were tested. With this selection, several friction coefficients were assumed,
since K(T) is a material related constant. The sensitivity to the sliding velocity parameter
was assumed to be constant (q = 0.5) [47].

In COMET, the base material plastic behaviour is modelled by using the Norton-

Hoff constitutive model,

0oq(&,T) = V3u(v3¢)", ©)

where o¢q i the equivalent stress, & is the equivalent strain rate and ¢ and m are constants
that determine the strength and the strain rate sensitivity, respectively, of the base
material. The numerical simulations performed considered the base material constitutive
properties of the AA6063-T6 aluminium alloy and AISI 1018 mild steel, taken from
Dialami et al. 2017 [48] and Tello et al. 2010 [49], respectively. The evolution of x and
m, with the temperature, is shown in Table 8 for the two base materials.

For the numerical simulations performed in aluminium and steel, a finite element
mesh with 32000 nodes and 180000 tetrahedral elements was used. During the numerical
simulation, the torque and forces acting on the tool are calculated by appropriate
integration of the normal stresses at the tool/workpiece interface. The coupled thermo-
mechanical model, as well as the numerical strategies used to solve the problem, are
summarized in Table 9. For a more detailed explanation of the thermal and mechanical

models, and of the computational framework, see Refs [44-48,50,51].
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a) Eulerian workpiece b) ALE stir zone ¢) Lagrangian Tool

Figure 8 - Finite element model and respective sub-domains: Eulerian workpiece (a), ALE stirring
zone (b) and Lagrangian tool (c) (adapted from “Article D).

Table 8 — Evolution of the x and m values with temperature, for the AA6063-T6 aluminium alloy
[48] and AlSI 1018 mild steel [49].

T [°C] AA6063-T6 AlSI 1018
u [MPaj m u [MPa] m

50 105.9 0.025 480.8 0.009
150 79.36 0.035 359.3 0.013
250 56.87 0.049 259.6 0.017
350 38.48 0.068 190.4 0.022
450 24.02 0.094 146.3 0.028
550 13.69 0.131 113.1 0.035
650 0 0.182 87.0 0.044
750 66.2 0.055
850 49.3 0.069
950 35.8 0.085
1050 25.4 0.104
1150 17.8 0.123
1250 12.4 0.142
1350 8.2 0.162
1450 0 0.201

In order to have a better insight into the heat generation and bonding mechanisms
in steel welding, the same testing procedures described in Table 6 and Table 7 were
modelled and simulated. In addition, a parametric analysis, aimed at investigating the
influence of the process parameters on the heat generation, heat dissipation, contact
conditions and stirred volume, was conducted, considering the welding of aluminium

alloys. Numerical simulations were performed, using the AA6063-T6 aluminium alloy
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constitutive properties, rotational and traverse speeds between 300 and 1500 rpm and 250
to 2000 mm/min, respectively, and varied tool dimensions. The tool pin diameter (Dp),
the pin length (pi), the shoulder diameter (Ds) and base material thickness (t) were varied
in the range of 4 to 10 mm, 1.8 to 8.5 mm, 12 to 30 mm and 2 to 10 mm, respectively. In
addition, some conceptual materials were generated and used to analyse the influence of
the plastic properties of the base materials on the thermo-mechanical conditions
developed during welding. The base materials stress-strain rate curves, for a constant
temperature of 25 °C and 550 °C, and the stress-temperature curves, for a constant strain
rate of 100 s !, are represented in Figure 9a to c. In the figure, the base material
represented by the yellow line was modelled using the AA6063 constitutive properties
from Table 8. The remaining base materials used in the analysis were conceptually
developed by varying « and m values, taken from the AA6063 aluminium alloy, from —90
% to +100 %, as shown in Figure 9. The HSHSRS and the HSLSRS are high strength
materials (« = +100 %) but with high (« = +100 %) and low (m = —90 %) strain rate
sensitivity, respectively. On the other hand, the LSHSRS and LSLSRS are low strength
materials (« = —90 %), but with high (m = +100 %) and low (m = —90 %) strain rate

sensitivity, respectively.

Table 9 — Thermo-mechanical formulation of the numerical model (adapted from [48]).

Mechanical partition

Vs+Vp+pb,=0 Momentum balance equation
V-ve=0 Continuity equation
&=V Kinematic equation

— /3 . ¢)1/2
Oeq /2 (s:5) Equivalent stress

Thermal partition

1dT
pC( + (Vf - Vmesh) ’ VT) =V (kVT) = Dpesn

EE Energy balance equation
Doesn = 0s: € Viscoplastic dissipation

Geonv = Meony(T = Teny) Heat convection

dcona = heona (T — Troor) Heat conduction
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Figure 9 - Stress-strain rate curves at a constant temperature of 25 °C (a) and 550 °C (b), and
stress-temperature curves at a constant strain rate of 100 s (c) (adapted from “Article D”).

2.3.1. Modelling of the contact conditions

The suitability of the numerical model to reproduce the mixed contact conditions
characteristic of the FSW process, and to accurately predict the strain rates and the
welding temperatures developed during the welding, was tested in the current work, first,
by performing a parametric analysis, and second, by comparing numerical and
experimental results.

The results of the parametric analysis on the contact conditions, which was
published in “Article D”, were obtained by ranging a(T), in Eq. 1, from 50 to 500 MPa
and using the AA6063 alloy constitutive properties for modelling the base material. A
tool with a shoulder diameter of 18 mm and a pin length and diameter of 6 mm, was used.
In the sensitivity analysis, constant tool rotational and traverse speeds of 600 rpm and 250
mm/min, respectively, were used. The contact conditions between the tool and the

workpiece were assessed by measuring the sticking fraction 6, as suggested by Schmidt
et al. 2003 [52]:
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(4)

In the equation, vewm represents the velocity of the base material, at the tool/workpiece
interface, and vl is the tool velocity. According to Schmidt et al. 2003 [52], when the
sticking fraction is equal to one, it means that the contact is 100 % sticking. When the
sticking fraction is equal to zero, it means that the contact is 100 % slipping.

Figure 10a and b compare the evolution of the base material and tool velocities, at
the tool/workpiece interface, in two different stages of the FSW process, i.e. at the
beginning of the welding process (t = 0.04 s) and after steady state conditions are reached
(t=55). The figure refers to numerical simulations performed using a(T) equal to 90 and
500 MPa. In Figure 10c and d is compared the distribution of the sticking fraction,
calculated using the velocity profiles of Figure 10a and b, respectively. In the next, to
characterise the contact conditions, the average sticking fraction (Jdavw), which is the
average of the sticking fraction values calculated for all the points along the
tool/workpiece interface, will be used.

Analysing Figure 10 it is possible to conclude that, in both numerical simulations,
the tool and the material velocities increase with the radial distance from the tool axis,
and its maximum values are reached at the outer shoulder edge. The figure also enables
to conclude that, irrespective of a(T), the sticking fraction increased with the welding
time, satisfactorily reproducing the evolution of the contact conditions during the
dwelling period at the beginning of the FSW process. Although, meanwhile for the
simulations performed with a(T) = 90 MPa, slipping contact conditions (davg =~ 0)
prevailed at the initial stage of the welding process (t = 0.04s), for the simulations
performed with a(T) = 500 MPa, a large sticking fraction (davg ~ 0.8) was registered since
the beginning of the welding process. When using a(T) = 90 MPa, once steady state
conditions were reached (t = 5 s), mixed slipping/sticking contact conditions (davg~ 0.7)
were developed. On the other hand, when using a(T) = 500 MPa, full sticking (8avg~ 1)
prevailed after steady state conditions were reached. Another important difference
between the simulations performed with the different consistency parameter values is
that, for the simulations ran with a(T) = 90 MPa, the contact conditions were not
symmetrical nor uniform along the tool diameter, since the beginning of the welding

process, being registered higher sticking fractions at the retreating side than at the
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advancing side of the tool. However, for the simulations ran with a(T) = 500 MPa, contact
conditions were almost symmetrical and became uniform, at the shoulder/workpiece
interface, when steady state conditions were reached. For a(T) = 90 MPa, the sticking
fraction was also higher, at the inner shoulder diameter, where the tool velocity is lower
and the weld nugget is formed due to the dragging of the material from the shoulder
influence zone to the pin influence zone [53].
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Figure 10 - Evolution of the base material velocity at the tool/workpiece interface (a and b) and of
the sticking fraction (c and d) with the welding time (adapted from “Article D”).

The analysis performed in the previous paragraph showed important differences in
contact conditions at the tool/workpiece interface when different values were assumed
for the consistency parameter in the Norton friction law. So, to better understand the
evolution of the contact conditions with a(T), and its influence on heat generation and
material flow, numerical simulations were ran using a varied range of tool rotational

speeds (300, 600, 900 and 1200 rpm). Figure 11a and b show the evolution of the average
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sticking fraction with a(T) and with the rotational speed, respectively. In the figures, it is
also plotted the evolution of the welding temperature for the range of welding conditions
tested. The welding temperature was calculated by computing the average temperature in
the stirring volume, i.e. considering only the amount of material with equivalent strain
rate values higher than zero.

Analysing Figure 1l1a and b, it can be concluded that, independently of the
rotational speed, the sticking fraction increases with a(T). For a(T) < 200 MPa, slipping
contact and mixed slipping/sticking contact prevail, depending on the tool rotational
speed. For a(T) > 200 MPa, sticking contact prevails, mainly for rotational speeds higher
than 600 rpm. Figure 11 also shows that the low temperatures associated with the very
low rotation speed of 300 rpm, is only simulated for a(T) < 100 MPa and that the transition
between prevalent slipping, at low rotational speeds, to prevalent sticking, at high
rotational speeds, is only simulated for a(T) = 90 MPa. Based on these results, a(T) = 90
MPa was selected to be used in the analysis of the evolution of the contact conditions and
strain rate with process parameters. In the next, this option will be validated based on

experimental results.
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Figure 11 - Evolution of the average sticking fraction with a(T) (a) and the rotational speed (b)
(adapted from “Article D”).

In Figure 12 is now shown a cross-section of a weld performed in the AA6082-T6
aluminium alloy using a tool with shoulder and pin diameters of 21 mm and 7 mm,
respectively, and rotational and traverse speeds of 500 rpm and 200 mm/min,
respectively. In the figure are also displayed the streamlines representing the material
flow around the tool, determined as in Dialami et al. 2014 [54], and the strain rate and

temperature distributions, in the weld cross section, obtained when simulating the
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experimental FSW test. Despite the room temperature properties of the AA6063-T6, to
which refer the material constitutive properties used in the numerical simulations, and the
AAB082-T6 alloys, used to fabricate the weld in the figure, are different, at the very high
temperatures reached during FSW, it is expected that both alloys display similar
properties and that the numerical and experimental results may be compared. Actually,
analysing the streamlines in Figure 12, it is possible to conclude that, for the FSW
conditions modelled, the numerical simulations preview that the material is stirred under
the shoulder for more than one revolution. This prevision is corroborated by the cross-
section of the weld, which displays a large shoulder influence zone. However, in order to
better demonstrate the good agreement between the numerical and the experimental
results, the grain size (GS) distribution in weld nugget, represented in Figure 13, was
compared with the grain size distribution calculated using the temperature and strain rate
distributions displayed in Figure 12.

Strain rate, Temperature
[°C]

500
I 446.67
® 39333
340
- 286.67

- 233.33

- 180
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73.33
20

Figure 12 - Comparison between the AA6082-T6 weld cross section, with the streamlines,
temperature and strain rate fields obtained through numerical simulation (adapted from “Article D”).

Figure 13a and b clearly illustrate the large dispersion in GS inside the nugget of
the weld in Figure 12. According to Leal et al. 2008 [53] the onion rings are composed
by intercalated layers, which result from the incorporation of the plasticised material
dragged under the shoulder into to the shear layer around the pin. Magnifications of the
microstructure in different locations of the nugget, identified by numbers 1 to 5 in Figure

13a, as well as the grain size distribution in these different regions, are shown in Figure
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13c to m. Analysing the figure, it is possible to observe zones with smaller grain size
intercalated with zones with larger grain size. As it is known, in thermo-mechanical
processes with severe plastic deformation, such as FSW, the dynamic recrystallisation
phenomena contribute to the grain refinement in the weld nugget. According to Huang
and Logé, 2016 [55], the recrystallisation Kinetics and the recrystallised grain size
increases with increasing temperatures and decreasing strain rates. The Zener-Hollomon

parameter (Z)

: -o(3)

have been used to incorporate the strain rates (¢) and the deformation temperature (T')
into a single parameter by several works in FSW [56-60]. In the equation, R is the gas
constant and Qe is the deformation activation energy. The relation between the Zener-
Hollomon parameter and the recrystallised grain size (dg) is given by [59,60]

In(d) =a, — b, xIn(2), (6)

where a; and b, are material constants. For the AA6063 aluminium alloy, the activation
energy is about 153 kJ/mol [61]. Fitting the experimental results in Figure 13, it was
determined that a; and b, constants are equal to 15 and 0.44, respectively. In Figure 13b,
the grain size distribution obtained from the microstructural analysis is compared with
the grain size distribution obtained through the numerical simulation, using Eg. 5 and 6
and the constants determined using the experimental results. Analysing the figure, it is
possible to conclude that the grain size distribution estimated using the numerical results
satisfactorily reproduce the experimental ones, which validates the option taking in

modelling the contact conditions.
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Thermal Analysis

3. Thermal Analysis

In this chapter, an analysis on the influence of the process parameters on the heat
generation and dissipation during welding is presented. The chapter begins with a
literature review of the works published on this subject, being given special focus to the
description of the analytical models available in the literature to predict the heat
generation and the welding temperatures. After this, the results obtained in the current
work are presented. Those results enabled to understand the relationship between the
processing parameters, the tool dimensions and the base material properties, with the
welding temperatures. The welding conditions tested, in the numerical simulation
analysis and in the experimental tests, enabled the development of analytical models for
predicting the FSW and FSSW temperatures, based on process parameters, which are

presented and validated at the end of the chapter.

3.1.Literature review

The plastic deformation, associated with the material flow, and the friction, between the
tool and the base material, are the main sources of heating and material softening in
friction stir based processes. The heating and cooling conditions, associated with the
thermal cycles, together with the plastic deformation, are also important phenomena that
affect the final microstructure and the mechanical properties of the stirred material.
Since stir-based technologies are solid-state joining techniques, it is expectable
that the welding thermal cycles may be fully controlled by a suitable selection of the tool
characteristics and processing parameters. In this way, a database containing data from
different FSW and FSSW tests, in AA2xxx, AA5xxX, AA6xxx and AA7xxx aluminium
alloys, in lap and butt joint configurations, was created. The references used to collect the
data are presented in Table 10. The database generated comprises not only the welding
temperatures (T) registered by the different authors, but also the rotational and traverse
speeds, the pin diameter (Dy), the pin length (pi) and the shoulder diameter (Ds) used in
each work. In order to take into account, the influence of the tool dimensions on the

welding outputs, a geometry parameter (G) was developed
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G_TL'
4

D +nDypy +7 (s = D,?), (7
which corresponds to the contact area between the tool and the workpiece. For complex
pin or shoulder geometries, G was calculated assuming an equivalent cylindrical
geometry. In Figure 14 is represented the range of temperatures, rotational and traverse
speeds, pin diameters, pin lengths, shoulder diameters and geometry parameters covered
in the database, for each aluminium alloy. Due to the large variety of process parameters
and tool dimensions considered in the database, the values registered for the temperatures
varied in the range of 155 to 590 °C. However, it should be noticed that the temperature
measurement position and/or technique varied for the different works, which may have
an important influence on the range of the results collected.

Table 10 — Experimental works that analyse the influence of the processing parameters on the
welding thermal cycles registered during the FSSW and FSW processes of aluminium alloys.

AA 2XXX AA 5xxx AA BXXX AA TXXX
o Gerlich et al. 2007 o Peel et al. 2006 e Sato et al. 2002 [63] o Gerlich et al. 2006 [57]
[58] [62]
o Xu et al. 2009 [64] e Tufaro et al. 2015 o Peel et al. 2006 [62] e Emam and Domiaty
[65] 2009 [66]
e Arora etal. 2011 [67] e Costa et al. 2019 e Emam and Domiaty ¢ Upadhyay and
[68] 2009 [66] Reynolds 2010 [69]
e Ramanjaneyulu et al. ¢ Bakavos and Prangnell e« Mehta et al. 2011 [72]
2014 [70] 2009 [71]
e Rao et al. 2015 [73] ¢ Wade and Reynolds e Papahn et al. 2015 [75]
2010 [74]
¢ Upadhyay and e Giraud et al. 2016 [77]

Reynolds 2012 [76]
¢ Reza-E-Rabby and

Reynolds 2014 [78]
e Suetal. 2016 [79]

e Costa et al. 2019 [68]

e Kalinenko et al. 2020
[80]
e Salih et al. 2020 [81]
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Figure 14 - Range of rotational speeds (), traverse speeds (v), shoulder diameters (Ds), pin
diameters (D), pin lengths (pi), geometry parameters (G) and temperature (T) values covered by the
database.

In Figure 15a to c is now shown the evolution of the welding temperatures
registered for all the works considered in the database, as a function of the rotational
speed, traverse speed and tool dimensions. As shown in Figure 15a, for all the works
analysed, it is possible to observe that the welding temperature increased with the
rotational speed. Although, some authors [57,58,63,69,78] also observed that the welding
temperature increases non-linearly with the rotational speed, stabilising for temperatures
close to the solidus temperature of the alloy being welded and never reaching the melting
temperature of the base material. This was attributed, by Gerlich et al. 2006 [57] and
Gerlich et al. 2007 [58], to the occurrence of incipient local melting, which induces
slipping contact conditions at the tool-workpiece interface, reducing the heat generation.

Upadhyay and Reynolds 2010 [69] also stated that with the increase of the welding
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temperature, there is a decrease in the base material flow stress, which limits the power
generation by plastic dissipation.

Analysing now Figure 15b, it is possible to conclude that increasing the traverse
speed leads to a decrease of the temperatures registered during the process. Xu et al. 2009
[64] reported that increasing the traverse speed, while maintaining constant the rotational
speed, affects the heat input but not the heat generation. According to several authors, the
combination of the rotational and linear motions of the tool has an important influence on
the heat distribution, creating an asymmetry in temperature between the advancing and
retreating sides. However, meanwhile some authors reported higher temperatures at the
advancing side of the tool [81-85], some other reported higher temperatures at the
retreating side [86,87], which makes the temperature distribution analysis a subject under
continuous discussion. Analysing now in Figure 15c¢ the influence of the tool dimensions
on the registered temperatures, it is possible to conclude that it is consensual that the FSW
temperature increases with the tool dimensions. According to Mehta et al. 2011 [72] and
Su et al. 2016 [79], the temperatures increase with the tool dimensions due to the higher
frictional and mechanical work.

Despite in all the works analysed in the previous paragraphs it was depicted an
evolution of the welding temperature with the tool dimensions, and the rotational and the
traverse speeds, no global trend in the temperature evolution with those process
parameters may be depicted when analysing the results plotted in Figure 15. This may be
related to the fact that, nor the temperature measurement techniques were similar, nor the
temperature measurement positions, which may had influence on the maximum
temperatures registered by the different authors. Additionally, the heat dissipation
conditions may also had been different among the different works. Likewise, no specific
correlation between the welding temperatures registered and the aluminium alloy being
welded can also be inferred from the analysis of the figures. Finally, it is important to
enhance that, even though the results in Figure 15 refer to the FSW of aluminium alloys,
a similar evolution in temperature with process parameters was also registered for other

materials such as steels [21,22,88,89], magnesium [90,91] and titanium alloys [25].
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Figure 15 - Evolution of the temperature with the rotational speed (a), traverse speed (b) and tool
dimensions (c) for the experimental works considered in the database.

Up to date, several techniques have been used to quantify the heat input during
welding. The most common technique makes use of the welding power to assess the heat
input (Q), as follows [92,93]:

Q=Mw+Fv = Mo. (8)
In the previous equation, M is the tool torque and Fy is the longitudinal force. The term
associated with the longitudinal force (Fxv) is usually neglected since it represents less

than 1% of the total welding power [93]. According to Schmidt et al. 2003 [52] the
previous equation may be reformulated as

Q= grrr x wl(rd - rzf)(l + tan(By)) + T+ Srpzpl]' (©)

where 7 is the shear stress, fsis the shoulder cone angle, rs is the radius of the tool shoulder

and rp is the radius of the tool pin. This equation is valid for a tool with a cylindrical pin,
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without threads, and a circular shoulder with a cone angle Bs. For a tool with rs = 9 mm,
ro=3mm, pi=4 mmand Ss = 10°, Schmidt et al. 2003 [52] calculated that the contribution
of the tool shoulder, pin side and pin tip, for the total welding power are 86 %, 11 % and
3 %, respectively. These values shows that the shoulder is the main element of the tool in
determining the heat generation.

According to Hamilton et al. [94,95], the effect of the tool penetration on heat input
can be assessed by a transfer efficiency coefficient (Qef), given by the ratio between the
length of the pin and the thickness of the workpiece (t):

Qetf = (%

)xQ. (10)
Although these equations are very useful for calculating the heat input, they do not

provide any information regarding the temperatures attained during welding. In this way,

Roy et al. 2006 [96] and Arora et al. 2011 [97] used the following mathematical

formulation

T* = ar xlog,,(Q") + Br, (11)

based on a non-dimensional heat input parameter, to calculate the peak temperature in
FSW. In the equation, ar and g are fitting constants. The non-dimensional temperature

T" is defined as

Tmax - Ti
T = — = 12
Ts - Tin ( )

where Tmax is the peak temperature, Ts is the solidus temperature of the base material and

Tin is the initial temperature. Q” is the non-dimensional heat input, given by

_ ogAspwcd
kv?

*

(13)

where o3 is the yield stress of the material at 80% of Ts and Ash is the cross-sectional area
of the shoulder. The parameter ¢ represents the ratio of heat transferred between the tool

and the workpiece, which can be calculated by
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14
(kpC)Tool ( )

/- l(kpowmiecer”_
where p, ¢ and k are the material density, specific heat and thermal conductivity,
respectively. The material properties in the above equation are those taken at an average
temperature between Tin and Ts. It should also be noticed that Eq. 12 is only valid when
Q" lies in the range 4x10% < Q" < 3.7x10°. Arora et al. 2011 [97] determined the o1 and
St values, as 0.1508 and 0.0976, respectively, using results relative to the FSW of the
AA2524, 304L SS and Ti-6Al-4V base materials.

An important difficulty in using the above models, for estimating the welding power
and/or temperature, is that they require the knowledge of the mechanical behaviour of the
material under the thermo-mechanical conditions imposed by the FSW process, which is
very difficult to determine. Those uncertainties lead to the development of other analytical
models, relating the welding temperatures with the process parameters. Qian et al. 2012
[98], Ramanjaneyulu et al. 2014 [70] and Xiong et al. 2014 [99] used the following

relationship,

T, w? \YT
% = ,BTT <—> ’ (15)

S v X 104

which takes into account the influence of the traverse and rotational speeds on the heat
input, to estimate the peak temperature in the stir zone. In the equation, frr and arr are
fitting parameters, ranging from 0.04 to 0.06 and 0.65 to 0.75, respectively. It is also
important to notice that in Eg. 15, only the tool rotational and traverse speeds are
considered, to calculate the welding peak temperature. The equation does not take into
account the effect of the tool dimensions and plate thickness on the heat input.

As discussed in the previous paragraphs, the main limitations of the models
available in the literature for determining the heat generation and the peak temperature in
FSW are, for some of it, the inclusion in its formulation of difficult to determine variables,
such as very high temperature material properties, or, in most of the cases, the exclusion
from its formulation of process parameter related variables, such as tool dimensions,
despite it is well known that this process parameter has a strong influence on the heat

generation. It is also important to enhance that none of the models described was validated
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for a large range of base materials or welding conditions. This implies that, most of that
models constants, are not valid when applied to experimental conditions different from
those used by the authors of the model.

In the current work, the heat generation in spot welding of aluminium and ferrous
alloys and in the linear welding of aluminium alloys, was assessed by performing
experiments and numerical simulation tests, respectively. The process parameters tested
in the numerical simulations were planned to cover most of the process conditions
identified in the literature review for aluminium alloys. By coupling the experimental and
the numerical results, new models for determining the welding temperature in stir-based
processes, such as FSW and FSSW, were developed. Contrary to the models described in
the literature review, the models developed under the scope of this dissertation consider
the influence of the tool dimensions and of the plate thickness, on the heat generation and
dissipation during welding. The models developed were validated, not only for the
experimental conditions tested in the current work, but also for the welding conditions

tested in the literature for aluminium alloys.

3.2. Temperature measurements

The work carried out to analyse the heat generation during the spot and linear welding of
the steels and aluminium alloys is schematically represented in Figure 16. The
temperature evolution during the spot welding, was assessed by performing welds in the
alloys identified in the figure. More precisely, it was performed bead-on-plate spot
welding of thick AA2017, AA5083, AA6082 and AA7075 aluminium alloys (Figure 3)
and spot welding of thin DC, HC and DP steel plates (Figure 4), using a very diversified
range of processing parameters (Table 4). Tungsten carbide pinless tools, with different
diameters, were used in all the tests (Figure 5). The influence of the tool material, on the
heat generation, was also assessed by testing coated and uncoated tools. As already
explained in this dissertation, using tools without pin enabled extending the analysis of
the heat generation to the welding of steels. In all the experiments, the dwelling time was
set equal to 60 s, in order to enable capturing the stabilization of the welding temperature
after the tool plunging.

In addition to the assessment of the temperature evolution during spot welding, the
heat generation during the tool linear displacement was also analysed, for the aluminium

alloys, but this time, using numerical simulation.
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Figure 16 - Schematic representation of the thermal analysis performed in current work.

3.2.1. Spot welding of aluminium alloys

In Figure 17 is shown the thermal cycle registered during the bead-on-plate spot welding
of the AA7075 aluminium alloy, with the PL16 tool and a rotational speed of 660 rpm.
The thermal cycle represented in the figure enables to identify three main stages: a heating
period, which coincides with the tool plunging into the workpiece, during which the
temperature rises, a steady state period, during which the temperature remains almost
constant, and a cooling period, during which the temperature decreases, after welding.

In Figure 17 is also represented the instantaneous derivative of the temperature
(dT/dt), used in current work to determine the duration of the three different welding
stages described above. The instantaneous derivative corresponds to the instantaneous
heating rate, when it displays positive values, and to the instantaneous cooling rate, when
reaching negative values. To determine the length of the steady state period, it was
assumed that the heating period ends when 0 < dT/dt < 4 °C/s. Once the duration of the
steady state period was set, the average temperature attained during this period, which
also corresponds to the maximum temperature reached in the process, was determined by

calculating the average of the temperatures recorded during that time interval.
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Figure 17 — Weld thermal cycle, represented by a blue line, and instantaneous temperature
derivative in order of time (dT/dt), represented by a black line, for the weld produced in AA7075
aluminium alloy, with the PL16 tool and a rotational speed of 660 rpm.

In Figure 18 is plotted the evolution of the maximum temperature values,
determined from the welding thermal cycles, with the rotational speed and the geometry
parameter, for all the bead-on-plate spot welds produced in aluminium alloys. The results
were obtained by varying the rotational speeds, between 660 to 1500 rpm and the shoulder
diameters, between 10 to 18 mm. Analysing the figure, it is possible to conclude that, for
each base material, the welding temperature increases with the tool diameter, irrespective
of the rotational speed used. Increasing the tool diameter from 10 to 18 mm resulted in
an increase of around 250 °C in the welding temperature, for all the aluminium alloys
tested. The figure also shows that, for each tool diameter, independent of the aluminium
alloy tested, the temperature almost did not vary with the rotational speed, which indicates
that there is a shoulder diameter related temperature threshold. This shoulder diameter
related temperature threshold is similar for all the aluminium alloys tested.

Another important conclusion that can be taken from Figure 18 is that for
aluminium alloys, 600 rpm is the limit rotational speed for which the heat generation
stabilizes to values independent of the rotational speed. However, the figure also shows
that the temperature stabilization does not only occurs when the welding temperature

approaches the melting temperature of the alloys being welded, as stated in some
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literature. This shoulder diameter dependent temperature threshold was registered even
when the temperatures measured were far below the melting temperature of the alloy
being welded. So, the occurrence of incipient melting at the shoulder/workpiece interface
cannot be applied for explaining the temperature stabilization in current work. However,
the results also show that, independent of the aluminium alloy being welded, for rotational
speeds higher than 600 rpm, the welding temperatures may be previewed/controlled by a
proper choice of the tool diameter. To the current authors knowledge, no previous work
reported the same type of conclusions.
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Figure 18 — Evolution of the stabilized temperature values with the rotational speed and geometry
parameter, for the AA2017 (a), AA5083 (b), AA6082 (c) and AA7075 (d) aluminium alloys.

In order to check if the reported trends on the temperature evolution, with the tool
dimensions and the rotational speed, were not related with inaccuracies in the temperature
acquisition during welding, hardness measurements were performed in the cross-section
of the welds produced in the heat treatable AA6061-T651 aluminium alloy, which
according to MacKenzie et al. 2016 [100], was the one with the lowest quenching

sensitivity among all the alloys tested.
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Figure 19 compares the hardness profiles for the welds produced in the AA6061-
T651 aluminium alloy with varied tool diameters (Figure 19a), rotational speeds (Figure
19b) and tool coatings (Figure 19c). More precisely, in Figure 19a are shown the hardness
profiles for the welds produced with a constant rotational speed of 870 rpm, and varied
tool diameters between 10 to 18 mm. Analysing the figure, it is possible to conclude that
the hardness profile/values varied according to the tool diameter used. As it is well-
known, for the AA6061-T651 aluminium alloy, the hardness varies with temperature with
respect to the precipitate evolution [18,19,63]. The thermal exposure of the alloy during
welding lead to the overaging of the peak aged precipitates, which become coarse and
incoherent, leading to the hardness decrease in the process affected zone shown in Figure
19a. On the other hand, the hardness recovery in the middle of the welds, which can be
clearly observed for the welds produced with the PL16 and PL18 tools, results from the
full solubilization of the strengthening precipitates, due to the high temperatures attained
in this region and to the intense plastic deformation promoted by the tool, followed by
reprecipitation during the cooling period subsequent to the welding [18]. It is also inferred
that the hardness of the welds produced with the PL10 and PL12 tools was lower than
that of the PL16 and PL18 tools welds. This is related to the lower temperatures and faster
cooling rates experienced during the welding with the PL10 and PL12 tools, which were
not sufficient to promote reprecipitation in the same conditions experienced during the
welding with the PL16 and PL18 tools.

In Figure 19b is now shown the evolution of the hardness profiles with the rotational
speed. The hardness profiles displayed in the figure correspond to the welds produced
with the PL12 tool and rotational speeds between 660 to 1500 rpm. Analysing the figure,
it is possible to conclude that, the evolution of the hardness with the distance to the weld
centre is very similar to that shown in Figure 19a. However, in Figure 19b, no important
differences in the hardness profiles shape and values may be observed for the welds
produced with different rotational speeds. This is related to the small influence that the
rotational speed had on the welding thermal cycles.

In Figure 19c are now compared the hardness profiles for the welds produced with
the uncoated WC tool and with the CrAIN, CrAIAgN and CrAIN/TiAIN coated tools,
with a constant rotational speed of 660 rpm, in the AA6082 aluminium alloy. The figure
shows that all the hardness profiles are similar, indicating that the heat generation was

similar for all the tools, irrespective of its characteristics. This result enables to conclude
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that the shoulder diameter dependent temperature threshold is independent of the tool

material and only varies with the tool dimensions.
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Figure 19 — Hardness profiles for the welds produced in the AA6082 aluminium alloy with a
constant rotational speed of 870 rpm and varied tool diameters between 10 to 18 mm (a), with a constant
tool diameter of 12 mm, and varied rotational speed between 660 to 1500 rpm and (c) with the WC
uncoated tool and the WC tools coated with the CrAIN, CrAIAgN and CrAIN/TiAIN films.

3.2.2. Spot welding of steels

For the ferrous alloys, the heat generation was analysed by performing spot welds in DC,

HC and DP steels. In Figure 20 it is plotted the evolution of the maximum temperature

values with the rotational speed and the tool geometry parameter, for the different steels.
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The results plotted in the figure, which were extracted from Articles B and E, were
obtained by varying the rotational speed, between 870 to 1500 rpm, and the shoulder
diameter, between 10 to 16 mm. The maximum temperature values were determined from
the steel spot welds thermal cycles, using the same procedures already explained for the
aluminium alloys.

Analysing Figure 20, it is possible to conclude that, contrary to that registered for
the aluminium alloys, for the steels, the evolution of the maximum temperature with the
process parameters varies according to the alloy composition. Another important
difference relative to the aluminium alloys is that no shoulder diameter related
temperature threshold can be depicted from the figure. However, the figure enables to
depict a temperature threshold of 1100°C, which is common to all the alloys. Meanwhile
for the DC and HC steels, the threshold temperature was only reached when welding at
the highest rotational speed of 1500 rpm and with the larger tool diameters, for the DP
steel, the temperature threshold was reached for almost all the welding conditions tested.
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Figure 20 — Evolution of temperature with the rotational speed and tool dimensions for the DC
(@), HC (b) and DP (c) steels.

The results in Figure 20 indicate that, contrary to the aluminium alloys, the ferrous
alloys display different sensitivity to the process parameters, according to its chemical
composition. Meanwhile, for the DP steel, the welding temperature is of 1100 °C,
independently of the process parameters, for the DC and HC steels, the temperature may
be varied, between 900 and 1100 °C, by welding at rotational speeds lower than 1500 rpm
and using small shoulder diameters.
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3.2.3. Linear welding of aluminium alloys

As already explained in this dissertation, the heat generation and dissipation during the
linear displacement of the tool was analysed through the numerical simulation of the FSW
process, conducted using COMET software. The numerical simulations were performed
considering the AA6063-T6 aluminium alloy constitutive properties (Table 8) and a very
diversified range of process parameters. Namely, the tool dimensions, plate thicknesses
and welding speeds assumed in the numerical simulation analysis were selected in order
to cover the same range of parameters tested in the experimental works covered by the
database (Figure 14). The numerical simulation results, extracted from “Article C”, are
discussed in the next.

In Figure 21a is shown the evolution of the welding temperature, with the
rotational speed and the geometry parameter, and in Figure 21b is shown the evolution of
the welding temperature, with the traverse speed and the plate thickness. The welding
temperatures displayed in the figure were calculated by computing the average of the
temperatures in all the nodes inside the stirred material volume, i.e. considering only the
amount of material with equivalent strain rate values higher than zero. For obtaining the
results in Figure 21a, the rotational speed was varied between 300 to 1500 rpm and a
constant welding speed of 250 mm/min was used. The tool dimensions were set assuming
proportionality between the shoulder diameter (D) and the thickness of the plates (t), by
using the equation proposed by Zhang et al. 2012 [101]:

D, = 2.2t + 7.3. (16)

The pin dimensions were established using a Ds/D, ratio of 3 and a pi/t ratio of 0.85 [102].
The thickness of the base material and the shoulder diameter were varied between 1 to 10
mm and 12 to 30 mm, respectively. For obtaining the results in Figure 21b, no
proportionality between the shoulder diameter and the plates thickness was considered.
Instead, a tool with a constant tool diameter of 18 mm and p/t ratio of 0.85 was used,
while the plates thickness was varied from 1 to 9 mm. In the numerical simulations, the
tool rotational and traverse speeds were varied between 300 to 1500 rpm and 250 to 1000

mm/min, respectively.
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Figure 21 — Numerical results concerning the evolution of the temperature with the rotational
speed and geometry parameter (a) and with the traverse speed and plate thickness (b). The points marked
in black correspond to the welding temperatures registered for the spot welds produced with the PL18
tool in the AA6082 aluminium alloy.

Analysing Figure 21a, it is possible to conclude that the welding temperatures
increase with the rotational speed and the tool dimensions, stabilising in maximum values
for large values of rotational speeds and/or tool dimensions. The stabilisation of the
maximum temperature corresponds to the threshold in heat generation, which according
to most of the published literature, prevent the welding temperature from reaching the
base material melting temperature, ensuring solid-state welding, irrespective of the
welding parameters. It is also possible to conclude that the influence of the tool
dimensions on the welding temperatures is more significant for low than for high
rotational speeds, and that the influence of the rotational speed on the welding

temperature is more significant for small geometry parameter values.
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In Figure 21a, it is also represented using black dots, the temperature values
registered for the bead-on plate spot welds produced in the AA6082 aluminium alloy,
with the 18 mm diameter tool. The geometry parameter of this tool is the only one, among
all the tools tested in spot welding, which is in the same range of the geometry parameter
of the tools tested in the numerical simulation work, and, in this way, in the same range
of the tools tested in most of the published works on FSW of aluminium alloys. According
to the figure, it is possible to conclude that the shoulder diameter related temperature
threshold, registered in the spot welding tests, for rotational speeds higher than 600 rpm,
is also coincident with the temperature stabilisation predicted by the numerical
simulation. Since for the remaining tools tested in spot welding, the geometry parameter
is outside the range of the tool geometry parameters tested in linear welding, the welding
temperatures may not be compared. In spite of this, the figure enables to conclude that,
contrary to what was registered for the spot welding of aluminium alloys, for the linear
welding, no threshold in temperature with the rotational speed was observed for
temperatures far below the melting point of the alloy being welded.

Analysing now Figure 21b, it is possible to depict an influence of both the traverse
speed and the plate thickness on the welding temperature. However, the influence of these
two parameters on the welding temperatures is less pronounced than that of the rotational
speed and of the tool dimensions, since these two parameters do not have influence on
the heat generation, but only affect the heat dissipation. This way, the figure shows that
temperature always decreases when increasing the traverse speed and/or the plate
thickness. However, these results also enhance that the influence of the traverse speed is
higher for thicker plates, and the influence of the plate thickness is enhanced for higher
traverse speeds.

In Figure 22 is now show the evolution of the temperature versus the product of the
traverse speed by the plate thickness (vt). In the figure, the results plotted with red squares
correspond to the numerical simulations of Figure 21a, in which heat dissipative effects
associated with the thickness and the traverse speed were minimised by assuming a
constant value for v and setting the shoulder diameter proportional to the plates thickness.
The results plotted with circles correspond to the numerical simulations of Figure 21b, in
which the shoulder diameters, plate thicknesses and traverse speeds were selected in order
to enhance the heat dissipative effects on the temperature fields. Analysing Figure 22, it

is possible to conclude that the welding temperature increases with the tool dimensions
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and rotational speed, which were found as the main factors in heat generation in the

previous analysis, but decrease non-linearly with the vt product.

650 7 155 447 1240 - 1500ipm
! ! ' 900 rpm
T 300rpm

330 1 TR D, =30 mm
5) e R il
o 450 .08
—
2
2 ® 900rpm
£.350 - P
g O 300rpm
=

250 ~

150 . . : |

0 2000 4000 6000 8000

vt [mm?/min)]

Figure 22 — Numerical results concerning the evolution of the temperature with the traverse speed
multiplied by the plates thickness (vt), when heat dissipative effects are minimized (red squares) and
maximized (black circles) (adapted from “Article C”).

3.3.Modelling the welding temperature

The data from the numerical and experimental tests was used for developing analytical
models, that relate the process parameters with the welding temperature, in FSW and
FSSW. Since the temperature evolution with process parameters, for the aluminium
alloys, was found to be different between the FSW and FSSW, and in addition, the

advancing movement of the tool does not exist in FSSW, different models were proposed
for each process.

3.3.1. Linear welding

The sensitivity analysis performed using numerical simulation enabled to understand the
relation between the tool dimensions, the rotational speed, the traverse speed and the plate
thickness with the welding temperatures. From the results in Figure 22, a temperature

coefficient, Ct, was proposed to predict the temperature in linear welding:

=9 17
T= (17)
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In Figure 23 is represented the evolution of the welding temperatures, obtained in the
numerical simulations for the AA6063-T6 aluminium alloy versus the temperature
coefficient Cr. The figure shows that Cr satisfactorily reflects the evolution of the welding
temperatures, until a threshold in the heat generation is reached, for Cr values higher than
20000, which is known to ensure solid-state welding conditions. According to the figure
a model for quantifying the evolution of the welding temperature with the processing
parameters was proposed:

{T= )\TXKTXC?,fOTCT < CT,CT (18)

T = /1'1" X TCTJ fOT CT = CT,CT

In the previous equations, Kt and ¢, are constants related to the base material being
welded, and At is a constant that takes in consideration the influence of the different
experimental techniques used to measure the temperatures, such as differences in the
position at which the temperature was measured and differences in the backing plate
material, among others. The Crcr parameter represents the critical temperature
coefficient value from which no increase in the welding temperature (Tct) occurs
irrespective of the welding parameters used. From the numerical simulation results it was
determined that, for aluminium alloys, Kt = 50, ¢, = 0.25, Ct¢r = 20000 and Tcr = 560
°C. The value of Tcr is also in agreement with the maximum temperature values registered

by the experimental works covered by the database (Figure 14).
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Figure 23 — Evolution of the welding temperatures, obtained in the numerical simulation, with the
temperature coefficient Cr (adapted from “Atrticle C”).
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previewed by Eq. 18 with the experimental results from the database, as is shown in
Figure 24. According to the figure, the temperature values computed through Eq. 18
always follow the temperature results obtained by the different authors and the different
welding conditions, i.e. different shoulder diameters, traverse and rotational speeds. Also,
no adjustment in Kt and ¢ parameters was necessary, indicating that these parameters are
constant for all aluminium alloys. Although, the Ar factors needed to be determined

individually for each one of the experimental works, due to the strong dependence of the

The proposed model was validated by comparing the temperature values

temperatures registered from the experimental apparatus used to assess it.
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3.3.2. Spot welding
3.3.2.1.  Aluminium alloys

The temperature measurements during the aluminium alloys spot welding tests enabled
to conclude that the rotational speed was a secondary parameter governing the thermal
cycles, contrary to that registered when analysing the heat generation in linear welding.
Since for rotational speeds higher than 600 rpm, in spot welding, no variation of the
welding temperature with the rotational speed was registered, the temperature model
proposed for determining the temperatures in linear welding, had to be adapted in order
to better fit the spot welding temperatures. In this way, for spot welding, the temperature
coefficient Ct was adapted, by withdrawing the traverse speed from its formulation and
by considering the important influence of the rotational speed on the heat generation

threshold. So, a new coefficient, Crsw, iS proposed,

w
CT,SW = %:for W < Werit

(19)

GwCTit
Crsw = T:fm” W 2 Werit,

where wcrit is the critical rotational speed. According to current results, werit is equal to
600 rpm for aluminium alloys. The Crsw coefficient was tested using the experimental
results for the AA2017, AA5083, AA6082 and AA7075 aluminium alloys. Figure 25
clearly shows that Crsw coefficient satisfactorily reproduces the evolution of the spot
welding temperature, for the aluminium alloys, through the relationship

{T = Ar X Kr gy X CT,SW(pSW Jor Crow < Crswer (20)

T =Ar XTer ,for Crsw = Crswer

in which Krsw and ¢sw are constants and Crswcr represents the critical temperature
coefficient value from which no further increase in the welding temperature occurs
irrespective of the welding parameters used, i.e. irrespective of the tool diameter. Using
the experimental results it was determined that Krsw = 1.34 and ¢sw = 0.55. Once again,
although the AA2017, AA5083, AA6082 and AA7075 aluminium alloys have different
chemical compositions and mechanical strength, at room temperature (Figure 3), the

evolution of the welding temperatures with Crsw was very similar for all the alloys. In
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addition, although a very large range of experimental conditions was tested no threshold
in the evolution of temperature with Crsw was observed in Figure 25, it is possible to
admit that the value of Tcr is the same in the linear and spot welding, which was already
determined to be 560 °C. This value of Tcr corresponds to a critical temperature
coefficient value of Crsw.cr = 60000.
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Figure 25 —Evolution of welding temperature with the Crsw coefficient for the AA2017, AA5083,
AAB082 and AA7075 aluminium alloys.

3.3.2.2.  Ferrous alloys

In the spot welding of the steels no shoulder diameter related temperature threshold, as
that registered for the aluminium alloys, was determined, being assumed that in the
welding of the steels, the range of rotational speeds tested were bellow werit. In Figure 26
is shown the evolution of the welding temperature for the DC, HC and DP steels with
Crsw. The figure shows that the Crsw coefficient satisfactorily reproduces the evolution
of the spot welding temperature, with process parameters, for all the steels. Using Eq. 20
it was determined that Krsw is equal to 143, 359 and 582, while ¢,sw is equal to 0.17,
0.09 and 0.05, for the DC, HC and DP steels, respectively. Analysing the Krswand ¢,sw
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coefficients values it is possible to conclude that, meanwhile Kr sw increase as the strength

of the steels increase, ¢,sw decreases as the strength of the steels increase, enabling to

model the process parameter independent temperature threshold depicted in Figure 20,

for the highest strength steel. That temperature threshold, which is common to all the

steels, is in the range of 1100 °C, corresponding to a Crsw,cr = 200000.
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Figure 26 —Evolution of welding temperature with the Crsw coefficient for the DC, HC and DP

To conclude the chapter it is possible to say that the accurate prediction of the

experimental results, for the very large range of welding conditions and base materials

tested, proves that the proposed temperature coefficient is reliable for predicting the

evolution of temperature, for spot and linear welding.
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4. Mechanical Analysis

In this chapter, a mechanical analysis of the welding process, focusing on the interaction
between the tool and the base material, is addressed. First, a literature review about the
influence of the process parameters on the transport of material during welding, on the
contact conditions at the tool/workpiece interface and on the strain rates in the stirred
volume, is presented. The literature review also addresses the torque evolution with
process parameters, since this machine output was already found to be, not only the most
convenient parameter for evaluating the mechanical energy spent in the welding process,
but also a machine output with important potential to be used in the real time control of
the stir-based operations. After the literature review, the results obtained in the current
work are discussed. The influence of the tool dimensions, rotational and traverse speeds
and base material properties on the material flow, on the strain rates and on the contact
conditions developed during welding is addressed, in first, using the results of the
numerical analysis performed on this subject. In second, the evolution of the tool torque
with processing parameters, for the spot and linear welding of aluminium alloys and
steels, which was also assessed by performing a coupled experimental and numerical
analysis, is discussed. The results of that analysis enabled the development of a new
analytical model to predict the tool torque, from process parameters, which is presented

and validated at the end of the chapter.

4.1.Literature review

4.1.1. Transport of material

As stated before, in FSW, the material stirring is promoted by the rotational and
translational movements of the tool. The tool/workpiece interaction is also responsible
for the heating and softening of the stirred material, and the combination of these effects
with the tool motion, promote a very complex material flow during processing.

One of the first works that aimed to analyse the transport of material in FSW,

through the use of markers, was performed by Reynolds 2000 [103]. Based on the post-
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welding visualisation of the trajectory of the markers, the author characterised the
transport of material in FSW as an in-situ extrusion process, where the tool shoulder, the
backing plate and the adjacent base material form an “extrusion chamber” moving with
the tool. However, after the pioneer contribution from Reynolds 2000 [103], the
characterization of the material flow mechanisms during FSW remained a subject of
research. According to Liechty and Webb 2007 [104] and as is shown in Figure 27a, the
material, from both the advancing and retreating sides, is transported one pin diameter
backwards relative to the tool translation movement. Liu and Nelson 2016 [105]
determined that the material intercepting the tool pin path is placed behind the tool
approximately at the same transverse position as its initial location, as represented in
Figure 27b. Although, Liu and Nelson 2016 [105] also stated that the material at the
advancing side is transported forward, due to the pin movement and rotates to a position
behind it, being disrupted in arc-shaped fragments, while the material at the retreating
side is only transported backwards relative to the tool motion. The spacing between the

arc-shaped fragments is typically the same as the distance travelled by the tool during a

single rotation [106,107].

a) Liechty and Webb 2007 [104]  b) Liu and Nelson 2016 [105] ¢) Schmidt et al. 2006 [108]
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Figure 27 - Material flow representation (adapted from [104,105,108]).

According to Schmidt et al. 2006 [108] the material flow promoted by the pin may
be divided in three different layers: a rotation layer, a transition layer and a deflection
layer, as shown in Figure 27c. The rotation layer is the one closest to the pin, where the
material may stay for more than one rotation, while the transition layer is the one located

between the rotation and the deflection layers. According to the authors, during welding,
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the base material coming from the transition layer, enters the rotation layer and then
returns to the transition layer, being finally deposited. The deflection layer, adjacent to
the transition layer, consists of the TMAZ region. As shown in Figure 28, two additional
flow partitions were also already related with the tool geometry, which are the shoulder
driven flow and the pin-driven flow [109-111].

The tool pin is the main tool component responsible for the material stirring and
mixing in the thickness direction, especially in thick plates [112]. Elangovan and
Balasubramanian, 2007 [113] and Trimble et al. 2015 [114] used the volume
displacement ratio, i.e. the volume occupied by the pin while rotating divided by the
volume held by the pin while stationary, to characterise the transportation of material for
different tool pin geometries. They found that cylindrical pins have a volume
displacement ratio of 1, concluding that the transport of material from the leading to the
trailing side of the tool results from the shearing action of the pin. They also found that
the cylindrical pin produces less plastic deformation and stirring than square (with a
volume displacement ratio of 1.42) or triflute (with a volume displacement ratio of 1.49)
pin geometries. The flat faces of the square pin or the helical flutes of the triflute, create
a pulsating stirring action due to the associated eccentricity. The pulsating stirring action
offers resistance to the regular flow of plasticised material, which also generates
additional frictional heat [114,115]. Threaded pins have also been used by several authors
[17,116-118] to improve the material flow during welding. According to them, the use
of threaded pins improves the vertical transport of material during welding due to the

generation of an additional downforce.

Shoulder-driven flow
Pin-driven flow

Figure 28 — Shoulder and pin-driven flow zones (adapted from Shah et al. 2018 [111]).
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The shoulder is the main responsible for the heat generation, allowing the material
softening and its transport by the tool during welding [17]. According to Leal et al. 2008
[53], the tool shoulder also has a very important role in the transport of material during
welding, since the onion rings in the TMAZ, which are composed by intercalated material
layers, result from the incorporation of the plasticised material dragged by the shoulder
into the shear layer surrounding the pin. In the welding of thin plates, Galvéo et al. 2013
[112] also concluded that in order to avoid defects formation, the shoulder geometry must
be carefully selected, since this tool component should be able to drag material into the
pin influence zone. The influence of the tool shoulder diameter on the plastic deformation
was analysed by Ramanjaneyulu et al. 2014 [70]. According to the authors, increasing the
shoulder diameter diminishes the volume of the shoulder driven-flow. However, in spite
of this, the volume of material dragged around the tool increases, and consequently, the
total TMAZ volume increases.

Although the tool geometry determines the characteristics of the material stirring,
the material flow patterns also depend on the level of plasticization of the material under
the tool, which in turn depends on the welding temperatures and on its physical and
mechanical properties [112]. For instance, in FSW of dissimilar aluminium alloys, Li et
al. 1999 [119] and Liechty and Webb 2007 [104], observed that when the softer
aluminium alloy is placed at the advancing side of the tool, it is stirred into the harder
alloy, placed at the retreating side, and a vortex flow is formed, which is more pronounced
than when the alloys being joined have similar strength. When the harder alloy is placed
at the advancing side of the tool, being stirred against the softer material, the vortex flow
becomes minimal. Also, in the butt welding of AA6082 and AA5083 aluminium alloys,
Leitdo et al. 2012 [39], observed that under the same welding conditions, the heat-
treatable alloy had better weldability than the non-heat-treatable alloy. According to the
authors, the AA6082 alloy displays a more intense flow softening at high temperatures,
than AA5083 alloy, which allows an easier dragging and mixing of this base material
during welding. On the other hand, the AA5083 alloy, which is sensitive to hardening at
high strain rates, is more difficult to be dragged and stirred by the tool, and because of
that, has lower weldability than the AA6082 alloy. In dissimilar and similar friction stir
lap welding (FSLW) of AA5754 and AA6082 aluminium alloys, Costa et al. [120,121]
and Sabari et al. 2020 [40], observed that the upward material flow was much more
significant when the AA6082 alloy was the lower plate in the lap joint configuration,

conducting to the formation of severe hooking defects. In the same way, in similar
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welding, the heat-treatable alloy was found to be more sensitive to defects formation,
such as the hook defect, than the non-heat-treatable alloy.

Globally, the results discussed in this item show that, in FSW, the weldability of
the alloys is closely related to the transport of material by the tool, which in turn is a
mechanical process that is determined by the plastic properties of the base materials being
welded, by the tool geometry and by the joint configuration.

4.1.2. Contact conditions

As described in the previous section, in FSW, the interaction between the tool and the
base material is very complex. This interaction is determined, not only, by the tool
geometry, but also by the contact conditions between the tool and the material being
welded/processed. Schmidt et al. 2003 [52] defined three possible contact conditions,
between the tool and the workpiece: full sticking contact conditions, when the stirred
material stick to the moving tool, full slipping contact conditions, when the material
remains stationary relative to the movement of the tool, and partial sticking/slipping
contact conditions, when the workpiece material accelerates to a velocity less than the
tool surface velocity. To assess the contact conditions, Schmidt et al. 2003 [52] proposed
the use of a contact state variable coefficient (9) to quantify the sticking fraction, already
defined in Eq. 4. As already explained, when the contact state variable coefficient is equal
to 1, it means that the contact is 100% sticking. When the contact state variable coefficient
is equal to zero, it means that the contact is 100% slipping. On the other hand, a slipping

fraction (ds) can be calculated as

S;=1-24. (21)

Through a trancing particle analysis, several authors [105,108,122,123] reported that the
ratio between the angular velocity of the material and the rotational speed of the tool is
always lower than 1, which is an evidence that mixed slipping/sticking conditions prevail
at the tool/workpiece interface during welding. Schmidt et al. 2006 [108] and Morisada
et al. 2015 [123], for example, calculated that the average velocity in the transition zone
is only a fraction of the rotational speed of the pin, varying approximately between 0.1 to
0.3, according to Schmidt et al. 2006 [108], and between 0.4 to 0.7, according to Morisada
et al. 2015 [123].
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Several authors [18,62,124] also observed that during FSW, the amount of
material mixing increases when the tool rotational speed increases. This was related to
the fact that sticking contact conditions prevail at the tool/workpiece interface, at high
rotational speeds, allowing the material in contact with the pin to perform several
revolutions around it [104]. However, contrary to these findings, Ramanjaneyulu et al.
2014 [70] and Morisada et al. 2015 [122,123], reported slipping contact conditions for
very high rotational speeds, which they attributed to the high angular speed of the tool.
For this condition, the authors observed surface defects and small voids in the stir zone.

In addition to the material flow analysis, using trancing particles, Arora et al. 2009

[125] used an empirical equation for estimating the slipping fraction during FSW:

W Ty

5, = 0.2+ 0.6 x <1 —exp (—50——)>. 22)

Wo Ts

In the equation, do is a constant for slip, which may be adjusted to fit the experimental
results, wo is a reference value for the tool rotational speed, rs is the radius of the shoulder
and ry is the average of the pin and shoulder radius. Arora et al. 2011 [97] determined
that, for the FSW of AA2524, 304L and Ti-6Al-4V, 6o was equal to 3, 2 and 2.5,
respectively, and wo was taken as 400 rpm for all materials.

For the FSW of the aluminium alloy AA7075-T6, Mehta et al. 2011 [72] used the

following expression for estimating the spatial variation of the slipping fraction

wrTr
8, = 031 X exp (ﬁ) — 0.026, (23)

where r is the radius of the tool. According to the authors, the previous equation is only
valid for values of wr from 0.1 to 1.6 m/s.

Contrary to the previous models (Eg. 22 and 23), which relate the contact
conditions with the rotational speed and the tool diameter, Qian et al. 2012 [98] proposed

the following equation,

e >ﬁshl’ 24)

6S=1—A><expl—<RT
st
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based on a modified Arrhenius equation, for relating the slipping fraction with the base
material properties and the welding temperature. In the equation, A and fs are
experimental constants, Qe is the activation energy for deformation, R is the universal gas
constant and Tt is the stir zone temperature. For the FSW of the AA 1100-H14 aluminium
alloy, the authors determined that A and Sshare equal to 4.07x107 and 0.89, respectively.

The results discussed above show that contact conditions in FSW are determined
by the tool geometry, the welding parameters and the base material properties [105].
However, although the friction is assumed as the primary physical phenomena governing
FSW, the real contact conditions developed during welding are still not well understood.
Since up to date, there is no experimental technique for measuring ¢, the characterization
of the contact conditions remains a subject of research. The difficulty in determining it,
forced the use of simplified contact conditions in most of the works published on the
modelling of the FSW process, i.e. pure sticking [94,126-134] or pure slipping
[47,94,131,134-136] contact conditions were assumed on most of the works performed
on the numerical simulation of the FSW process. Mixed slipping-sticking contact
conditions were modelled, by some authors, who prescribed specific velocity profiles at
the tool/workpiece interface [94,131,137-140].

4.1.3. Strain rates

During FSW, the intense strain and strain rates induced by the tool on the base materials,
and the very high temperatures, are the main responsible for the microstructural changes
in the stirred volume, which are mainly determined by the plastic deformation and by the
precipitation kinetics and/or the dynamic recrystallisation. The understanding of the
mechanisms that promote the plastic deformation, and the development of models that
can estimate the strain rates and the temperatures induced by the tool during welding, can
help in predicting the final microstructure/strength of the welds, as well as the possibility
of defects formation.

Several works attempted to analyse and measure the strain rates during FSW, by
using different techniques, such as microstructural analysis, tracing materials, analytical
models and numerical simulation. Masaki et al. 2008 [141] and Kumar et al. 2018 [142]
determined that the strain rate values increased during FSW by increasing the tool
rotational speed. Kumar et al. 2018 [142] also reported that the rotational speed presented

higher influence on the strain rate than the traverse speed. Contrary to this, Gerlich et al.
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2006 [57] and Gerlich et al. 2007 [58], reported a decrease of the strain rate with the
increase of the rotational speed. The authors attributed this behaviour to the local melting
of second phase particles at the tool/workpiece interface. Frigaard et al. 2001 [56] and
Kumar et al. 2018 [142] also measured lower strain rate values in the stirring zone, than
that previewed based on the analysis of the angular velocity of the tool. According to the
authors, these results indicate the occurrence of slipping contact conditions between the
tool and the workpiece.

Long et al. 2007 [143] and Reynolds 2008 [107] proposed a simplified model to
calculate the strain of the material in the shear layer around the pin:

£ =In (ﬁ) + |ln (g)r (25)

The previous equation considers the distance that the tool advances per revolution (APR),
and calculate | using the equation

T, — X
| = 2r,cos™" < £ > (26)

™

where rp is the tool pin radius, and x is the distance normal to the welding direction, at the
retreating side of the tool. This model is supported by the assumption that to satisfy the
mass balance, at each tool revolution, a volume of material, given by the product of the
pin diameter by the pin height and the tool advance per rotation, has to be transported.
This material volume is transported backwards, by approximately one tool diameter,
being assumed that there is no vertical flow of the material. Due to the simplicity of the
model, the material flow promoted by the shoulder and the bottom of the pin is not
considered, which limits its application.

Based on Eq. 25, Ramanjaneyulu et al. 2014 [70] proposed that the strain rate can
be calculated by

| ™

(27)

o~
~
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where t; is the time in seconds, which can be calculated by dividing APR by the traverse
speed.

According to Chang et al. 2004 [59], because of the slipping/sticking contact
conditions, the flow rate may be proportional to, or lower than, the rotational speed of the
tool. Taking the assumption that the material flow velocity is about half of the rotational
speed of the pin, the authors calculated the strain rate using the following equation

@ X 27T,
g=2"""1 (28)
hq

in which rq and hq are the effective radius and depth of the dynamically recrystallised
zone.

For FSSW with a flat shoulder tool and a cylindrical pin, Roth et al. 2014 [136]
proposed the following equation

L w
£ = %(37}, + rs), (29)

to calculate the average strain rate in the shear layer. In the equation, w is the shear layer

width, which according to Tello et al. 2009 [144] may be calculated by:

1/2

w=r, [2<T:;To> (rx;pz)" ((Tr;ff;:)n))”“] | (30)

In the previous equation, A and n are the Sheppard and Wright constitutive material
parameters, k is the base material thermal conductivity, » is the welding process
efficiency, which considers mechanical energy converted into heat, Ko is the modified
Bessel function of the second kind and zero order, t is the shear stress of the alloy, Tois
the temperature at the interface between the shear layer and the base material, Tt is the
temperature in the stirring zone and Ti, is the initial temperature.

Table 11 summarises the strain rate values reported in the literature, determined
using different techniques, for several base materials and process conditions. Analysing
the table, it is possible to conclude that the estimated strain rate values widely vary,

between 1 to 1600 s, in accordance with the different measurement techniques, process
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parameters and base materials. This indicates that it is still necessary to deepen the study
of the plastic deformation during FSW and also to develop experimental methodologies

to quantify it.

Table 11 — Range of strain rates reported in the literature (adapted from “Article D”).

Rotation | Traverse Strain
Technique Author Base Material speed speed 1
- rate [s]
[rpm] [mm/min]
. AA6082 and
Frigaard et al. 2001 [56] AA7018 1500 720 1-20
- Gerlich etal. 2006 [57] | AA7075-T6 | 000 0 20-650
Microstructural ‘ 3000
Gerlich et al. 2007 [58] | AA2024 T351 | 750-3000 0 0.6-1600
Masaki et al. 2008 [141] AA1050 600-1200 100 1.7-2.7
Chen and Cui, 2009 A356 (Al-7Si-
[145] 0.3Mg) 740 168 3.5-85
Morisada et al. 2015 A1050 1000 400 13.4-15
[122]
Tracers i i
Kumar et al. 2018 [142] V'Scf?l;'“i’('ias“c 75-425 | 50-110 8-44
. Copper
Liu et al. 2019 [146] C1100P 800 150 20.8
Chang et al. 2004 [59] AZ31 180-1800 90 5-50
5083-0, 2219-
Analytical model Long et al. 2007 [143] T87 and 7050- | 544-844 76.2 20-350
T751
Ramanjaneyulu et al. E i
2014 [70] AA2014-T6 1000 600 123-160
Nandan et al. 2006 [147] | 304 Stainless | 45, 101 130
Steel
Nandan et al. 2006 [148] AAB061 344 95 150
Nandan et al. 2007 [149] AISI 1018 450 25.2 40
Mukherjee and Ghosh,
2010 [150] AA5083 1500 50.8 87
Numerical Al 70
Ammo“[rl';{]a 2015 Az31Balloy | 600-2000 | 75-900 | 34-122
Sharghi and Farzadi, AA6061/ Al-
2018 [152] Mg2Si 1120 120 975
AA2219,
Du et al. 2020 [153] AA5083 and | 150-1302 | 100-1100 23-434
AA6082
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4.1.4. Welding torque

The tool torque is a FSW process response that can be related to the heat input, material
flow, process parameters and defect formation. Longhurst et al. 2010 [154] propose the
use of the tool torque as a parameter to control the welding process, instead of the axial
force. According to these authors, operating the FSW process in torque control would
allow the process parameters to be adapted faster to any changes in the workpiece
characteristics. Qian et al. 2012 [98], Galvéo et al. 2012 [155] and Kumari et al. 2019
[156] also found that the tool torque signal could be related to the formation of surface
defects and to the contact conditions, at the tool/workpiece interface, during welding. In
the next, a review of the published works on the relationship between the tool torque with
the thermo-mechanical conditions and with the FSW process parameters is presented.

In order to have a much broader analysis on the evolution of the tool torque with
the processing parameters, a database containing data from more than 300 welds, in
AA2xxx, AASxxx, AAGxxx and AAT7xxx aluminium alloys, in lap and butt joint
configurations, was created. The references used to collect the data are presented in Table
12. The database generated comprises not only the tool torque (M) registered by the
different authors, but also the rotational and the traverse speeds, the pin diameter, the pin
length, the shoulder diameter and the geometry parameter computed for the tools used in
each work. In Figure 29 is represented the range of torque results, rotational and traverse
speeds, pin diameters, pin lengths, shoulder diameters and geometry parameters covered
in the database, for each aluminium alloy. Due to the large variety of process parameters
and tool dimensions considered in the database, the values registered for the torque varied
in the range of 6 to 320 Nm.

The evolution of all the torque values, considered in the database, with the rotational
speed, traverse speed and geometry parameter is shown in Figure 30a to c. The effect of
the different process parameters on torque was ranked based on the Pearson correlation
coefficient (R?). From the figure, it is possible to conclude that both the tool dimensions
and the tool rotational speed may be statistically related to the torque, while no important
relation between the traverse speed with the torque may be inferred. Comparing the
evolution of the torque with the rotational speed and the tool geometry, it is also possible
to conclude that both have a comparable influence on the torque since the Pearson

correlation coefficients are similar.
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Table 12 — Experimental works that analyse the influence of the processing parameters on torque
during FSW of aluminium alloys (Adapted from “Article C”).

AA 2XXX

AA 5XXX

AA BXXX

AA TXXX

e Yan et al. 2005 [157]

e Long et al. 2007
[143]

e Aroraetal. 2011 [67]

e Su et al. 2013 [159]

o Ramanjaneyulu et al.
2014 [70]

o Peel et al. 2006 [62]

e Long et al. 2007
[143]

o | eitdo et al. 2012
[158]

e Quintana and
Silveira 2017 [160]

o Cuellar and Silveira
2017 [161]

o Costa et al. 2019 [68]

o Peel et al. 2006 [62]

e Emam and Domiaty
2009 [66]
e Cui etal. 2010 [93]

¢ Wade and Reynolds
2010 [74]

e Leitdo et al. 2012
[158]

¢ Reza-E-Rabby and
Reynolds 2014 [78]

e Banik et al. 2018
[162]

e Long et al. 2007
[143]

e Emam and Domiaty
2009 [66]

¢ Upadhyay and
Reynolds 2010 [69]

e Mehta et al. 2011
[72]

e Costa et al. 2019 [68]
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Figure 29 - Range of rotational speeds (o), traverse speeds (v), shoulder diameters (Ds), pin
diameters (pa), pin lengths (pi), geometry parameters (G) and torque (M) values covered by the database.
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Figure 30 — Evolution of the torque experimental values, from the database, with the rotational
speed (a), traverse speed (b) and geometry parameter (c¢) (adapted from “Article C”).

Based on the previous analysis, the evolution of the torque versus the product Go
was analysed and plotted, for each base material analysed in the database, as is shown in
Figure 31a. In the figure, each colour identifies different levels of geometry parameters
and each symbol identifies the different grade of aluminium alloys considered in the
database. Analysing the results, it is possible to conclude that irrespective of the base
material welded, the torque results may be divided in different curves/trends in
accordance with the tool dimensions. The registered torque values are higher for the tools
with larger dimensions. According to Arora et al. 2009 [67] and Quintana et al. 2017
[161] the increase of the torque with the tool shoulder diameter is justified with the
increase of the contact area between the tool and the workpiece.

For each curve of Figure 314, it is also possible to observe that the torque decreases
exponentially with the increase of the rotational speed. This was justified by several
works with the influence that the rotational speed has on the welding temperatures and,
consequently, on the flow strength of the base materials during welding [62,93,158,160].
However, meanwhile for the lower geometry parameter values, a trend line may be plotted
fitting almost accurately the decrease of the torque with the rotational speed, for all the
materials, for the larger geometry parameter values (green symbols), an important
dispersion of results may be observed. This dispersion is shown in more detail in Figure
31b, where the different traverse speeds used are identified. Analysing Figure 31a and b
it is possible to conclude that the traverse speed only has an important influence on the

torque values when tools with large dimensions are used.
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Figure 31 — Evolution of torque with the geometry parameter multiplied by the rotational speed
(Gw) (adapted from “Article C”).

In addition to the influence of the process parameters on torque, an important
influence of the base material plastic properties, was observed by Galvao et al. 2012 [155]
in similar and dissimilar butt welding of AA5083-H111 and copper-DHP, and by Sabari
et al. 2020 [40], in similar and dissimilar FSLW of AA5754 and AA6082 aluminium
alloys. Galvao et al. 2012 [155] found that the torque registered during welding depends
on the base materials combinations. The highest and lower torque values were recorded
in the similar welding of copper, and in the dissimilar welding of aluminium/copper,
respectively. The lower torque values during the dissimilar welding were justified by the
formation of intermetallic compounds, with low melting temperature, which induced tool
slipping during welding. On the other hand, Sabari et al. 2020 [40] observed that the
torque values were higher in AA5754-AA6082 dissimilar lap welding than in AA6082

similar lap welding. This torque evolution showed that the presence of the AA5754 alloy,
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regardless of being located at the bottom or at the top of the lap joint, promoted an increase
in the welding torque. The lower torque values, registered for the AA6082 alloy, were
related to the thermal softening of the heat-treatable alloy during welding.

The influence of the base material thickness on torque was analysed by Leitéo et al.
2012 [158]. According to the authors, for the same welding pitch (w/v) the torque was
always lower for the welds performed in thinner plates. The lower torque values were
attributed, by the authors, to the lower amount of material being processed by the tool and
to the more homogeneous temperature distribution throughout the thickness of the thinner
plates.

As it was shown above, the torque evolution is also very sensitive to the welding
parameters. Based on these findings, torque analysis is being used for establishing
relationships between FSW process parameters and process outputs, such as welds
quality. More precisely, modelling the relation between the process parameters and the
tool torque is expected to enable, for example, developing digital tools to be used in the
online control of the joints quality.

The tool torque can be modelled to take into account the individual contribution of
the different tool components (shoulder and pin), to the welding torque, through the

following equation [52,163]:

M = Mshoulder + Mpin surface + Mpin bottom (31)

T

Ts D
M = f (rv)2nrdr + (1,7)2n1,h + J. (rt)2nrdr (32)
T 0

D

where r is the radial distance from the centre of rotation and 7 is the shear stress due to
the sticking/slipping contact condition. The shear stresses in the shear layer surrounding
the pin may be estimated by [52,67,136]

T=0X1,+ (1-08)1, (33)

where 7, is the shear stress due to the sticking contact and z is the shear stress due to the
slipping contact. The shear stress due to the sticking contact can be estimated based on

the von Mises yield criterion as follows:
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I = . (34)

In the equation, oy is the material yield strength. The shear stress due to the slipping

contact condition can be estimated using the Coulomb’s friction law
Tr = WP (35)

where L is the friction coefficient between the tool and the workpiece and P is the contact
pressure. For a tool with a cylindrical pin, without threads, and a circular shoulder, with

a cone angle ps, the following expression can be derived to determine the tool torque:
M = - 3—-r3)1 3 2 (36)
= §7TT[(TS —13)(1+ tanpBy) + 15 + 3n2p,).
Using Eqgs. 33 to 36, the torque can be modelled by [52]
2
M = §n[51p + (1= )P x [(7 = r2) (1 + tanpy) + 1 + 3r2p,]. (37)

With the above equation, it is possible to calculate the torque for full sticking conditions
(Msticking When ¢ = 0) and for full slipping conditions (Mslipping When 6 = 1). Although, the
previous model requires the knowledge of the base material mechanical properties, the
slipping fraction and the friction coefficient, under the thermo-mechanical conditions
imposed by the FSW process, which hinders its implementation in process control. A
simpler model that relates the torque with the rotational and traverse speeds was proposed
by Colegrove and Shercliff 2003 [164]:

M

M= Ay (38)

whm’

where fu, am and Awm are constants. The previous model can only predict the evolution of
torque if the values of @ and v are kept inside a certain range. For instance, when the

rotational speed is close to zero, the torque values become too high, and for very high
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values of rotational speed, the torque values become zero. Based on this model
limitations, Cui et al. 2010 [93] developed an alternative model:

M = My + Mpe "M%, (39)

In the previous equation, Mo is the minimum torque value, nw is the decay parameter, and
M:t is the pre-exponential parameter. Also, according to Cui et al. 2010 [93], the maximum
value of torque occurs when the rotational speed is close to zero, and can be calculated
using Eq. 37, for a pure sticking condition, assuming that the mechanical strength of the
material is equal to the ultimate tensile strength at room temperature.

Leitdo et al. 2012 [158] proposed another fitting curve which relates the tool torque

with the rotational speed:
M=aXxw™>. (40)

In this equation, a and b are constants. According to the authors, the constant a depends
on the base material thickness, being independent of the base material properties, while
the constant b was found to have a strong relationship with the welding speed used.
Another equation, which relates the tool torque with the welding temperature, was
proposed by Tello et al. 2009 [144]

M = an(TO B Tin)
nwk

(41)
where k is the thermal conductivity of the base material, # is the efficiency of the process,
Ko is the modified Bessel function of the second kind and 0 order and Toand Tin are the
temperature in the shear layer interface with the base material and the initial temperature
of the base material, respectively.

In general, the torque models reported to date are focused on a limited range of
processing parameters and were developed for a very specific material, tool geometry or
plate thickness. This implies that most of the models constants are not valid when applied
to other experimental conditions. Also, some of the mentioned models require difficult to
determine variables, such as material properties, contact conditions or friction coefficient

at the very high temperatures and strain rates imposed by the process. To overcome the
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above-described limitations, in the current dissertation, a new model that estimates the
torque values, in FSW and FSSW, by considering a very large range of process
parameters, was developed and validated using the results from current work and the
torque results covered by the database.

4.2.Numerical analysis of the stir mechanisms

A parametric analysis on the influence of the tool dimensions, tool velocities and base
material plastic properties on the stir mechanisms, i.e. on the material flow, stirred
volume, contact conditions and strain rates, was conducted using numerical simulation.
Based on the numerical simulation results published in “Article D”, the influence of the
above-described processing parameters, on the material flow, may be summarised as
shown in Figure 32, where the streamlines and the strain rate distribution maps, in the
welds cross sections, for different welding conditions, are represented. The results in the
figure were obtained for the AA6063-T6 aluminium alloy and by varying the rotational
speed, between 300 to 1200 rpm, and the traverse speed, between 250 to 1000 mm/min.
The tool dimensions values were set assuming proportionality between the shoulder
diameter and the thickness of the plates, by using Eq. 16. The pin dimensions were
established using a Ds/Dy ratio of 3, and a pi/t ratio of 0.85 [102]. As summarised in Table
13, the thickness of the base material, shoulder diameter, pin diameter and respective
geometry parameters were varied between 2 and 10 mm, 12 to 30 mm, 4 to 10 mm and
134 to 974 mm?, respectively.

The streamlines in Figure 32a show that, during welding, the material is stirred
from the advancing to the retreating side of the tool, being deposited approximately one
pin diameter backwards, relative to the tool translational movement. Comparing the
streamlines in the different images, it is also possible to conclude that for a constant tool
rotational speed, increasing the traverse speed, led to a reduction in the stirred volume.
This result is related to the decrease in the weld pitch (rot/min), which reduced the volume
of material stirred in each revolution (Figure 32b). A reduction of the stirred volume also
occurs when reducing the rotational speed, for a constant tool traverse speed (Figure 32c).
However, when decreasing the rotational speed, not only the stirred volume is decreased,
but also the capability of the tool in extruding the material during a full revolution around
the pin is reduced, which usually conducts to the formation of tunnel defects at the

advancing side of the welds. Contrary to this, increasing the rotational speed, for a
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constant traverse speed (Figure 32d), or increasing the tool dimensions(Figure 32e), while
keeping the same process parameters, leads not only to an increase of the stirred volume,
but also to a more intense stirring action. This last assumption may be inferred from the
streamlines, which clearly indicate that the material is rotated for more than one

revolution around the tool for these two conditions.
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Figure 32 — Evolution of the welding streamlines and logarithmic equivalent strain rate with the
traverse speed (a and b), rotational speed (a, ¢ and d) and tool dimensions (a and e) (adapted from “Article
D”)'

Table 13 — Base material thicknesses, shoulder diameters, pin diameters and geometry parameters
used in the numerical simulations.

t [mm] Ds [mm] Dp [mm] G [mm?]
2 12 4 134
6 18 6 351
10 30 10 974

The influence of the tool dimensions and of the rotational and traverse speeds on
the contact conditions, is summarized in Figure 33. The results in the figure, which also
illustrates the influence of the process parameters on the stirred material volume and on
the average strain rate values, were obtained by varying the rotational speed from 300 to

1200 rpm, the geometry parameter from 134 to 974 mm? and using two different traverse
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speeds of 250 mm/min (Figure 33a) and 1000 mm/min (Figure 33b). The contact
conditions were assessed by using the contact state variable 6, defined in Eq. 4, and the
amount of material stirred by the tool was evaluated by measuring the area, in the strain
distribution maps, where the equivalent strain rate values were higher than zero.
Analysing the figure, it is possible to conclude that the contact conditions developed
during welding are determined by the processing parameters. For small tool dimensions,
high traverse speeds and low rotational speeds, slipping contact conditions prevail.
Decreasing the traverse speed, or increasing the rotational speed and/or the tool
dimensions, leads to the increase of the sticking fraction, until full sticking contact
conditions are reached. The evolution of the contact conditions observed in Figure 33
may be related to the material streamlines shown in Figure 32. The comparison shows
that the material only rotates several times around the tool when the contact conditions
are close to full sticking. On the other hand, the formation of weld defects, may also be
associated with low values of sticking fraction, i.e. with prevalent slipping conditions.

Figure 33 also enables to conclude that the strain rates in the stirred volume are
mainly determined by the tool rotational speed, varying from an average of 50 to 400 s,
when the tool rotational speed is increased from 300 to 1200 rpm. The figure also shows
that independently of the rotational or traverse speeds used, the stirred material volume
always increases with the geometry parameter and that the rotational and traverse speed
are secondary parameters governing it. However, using high or low values of rotational
and traverse speeds, respectively, also conduct to an increase in the stirred volume.

In Figure 34 is now shown the relation between the stir mechanisms with the
welding temperatures. In the figure is shown the evolution of the welding temperature,
contact conditions, stirred area and strain rate for the numerical results of Figure 33a.
Analysing the figure, is possible to conclude that in the lower temperatures domain, the
sticking fraction evolves with the geometry parameter and rotational speed in the same
way as the temperature, i.e. the dashed lines almost follow the contour of the isotherms.
On the other hand, in the higher temperatures domain, corresponding to large values of
geometry parameter and rotational speeds, meanwhile the sticking fraction becomes very
high and almost constant, the temperature continues to increase with the geometry
parameter and the rotational speeds. Since both the temperature and the strain rate deeply
vary in the full sticking domain (6 > 0.9), it is possible to conclude that the increase in
heat generation is due to an increase in the adiabatic heat generation associated with the

plastic deformation of the stirred material at very high strain rates. On the other hand, the
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increase of temperature with the tool dimensions may be attributed to the increase in the
amount of material stirred by the tool.
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Figure 33 — Evolution of contact conditions, stirred area and strain rate with the rotational speed
and geometry parameter, for a traverse speed of 250 mm/min (a) and 1000 mm/min (b).
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Figure 34 — Numerical results concerning the evolution of the welding temperature, contact
conditions, stirred area and strain rate with the rotational speed and geometry parameter.
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In addition to the influence of the process parameter on the stir mechanism during
welding, the material flow around the tool also depends on the base material properties.
Although, up to date, none of the works that addressed this subject were able to correlate
the material flow with the base material mechanical properties such as mechanical
strength or strain rate sensitivity. In this way, based on the results in “Article D”, the
influence of the base material mechanical strength and strain rate sensitivity, on material
flow, is shown in Figure 35. In the figure are represented material streamlines and strain
rate distributions for four different base materials: the HSHSRS and HSLSRS materials,
which are high strength materials with high and low strain rate sensitivity, respectively;
the LSHSRS and LSLSRS materials which are low strength materials, but with high and
low strain rate sensitivity, respectively. The results shown in the figure were obtained for
constant rotational and traverse speeds of 600 rpm and 250 mm/min, respectively, and a
tool with a geometry parameter of 351 mm?. Also, full sticking contact conditions were
forced in the numerical simulations, in order to enhance the influence of the plastic
properties of the base materials on the material flow. Analysing the streamlines, as well
as the distribution of the logarithmic equivalent strain rate in the weld cross sections, it is
possible to conclude that only for the HSLSRS material it was previewed that the material
performed no more than one rotation around the tool. On the other hand, for materials
with lower mechanical strength and/or higher strain rate sensitivity, it is possible to
observe that the material completed several rotations around the tool. For materials with
lower strength, the flow stress required to plastically deform the material is inferior, which
improves the flowability of the material during the process. It is also important to notice
that for the materials with lower strain rate sensitivity, the streamlines and the strain rate
become constricted to a narrower region around the tool, when compared to the materials

with higher strain rate sensitivity.
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Figure 35 — Evolution of the welding streamlines and logarithmic equivalent strain rate with the
base material plastic properties (adapted from “Article D).

4.3.Assessment of the welding torque

Similarly, to what was performed in the thermal analysis, the torque evolution with
process parameters, in linear welding, was assessed by performing numerical simulations
with COMET. The torque evolution with process parameters in spot welding was
assessed by performing bead-on-plate spot welding of thick AA2017, AA5083, AA6082
and AA7075 aluminium alloys and spot welding of thin DC, HC and DP steel plates. In

the next, the numerical and experimental results are discussed.

4.3.1. Linear welding

According to the literature review, the tool torque is a suitable parameter to control the
FSW process due to its close relationship with the process parameters, heat input and
material flow. So, to analyse the influence of the full range of processing parameters
tested in the literature, on the torque evolution, a sensitivity analysis was conducted in the
current work. In Figure 36a is shown the evolution of the welding torque with the

rotational speed and the geometry parameter, plotted using the results published in
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“Article C”. The results in the figure were obtained by performing numerical simulations
of the FSW process, for the AA6063-T6 aluminium alloy. In the simulations, the
rotational speed was varied between 300 and 1500 rpm and a constant welding speed of
250 mm/min was used. The tool dimensions were set assuming proportionality between
the shoulder diameter and the plates thickness, using Eq. 16, and assuming plate
thicknesses varying between 2 and 10 mm. The pin dimensions were established using a
Ds/Dy ratio of 3, and a pi/t ratio of 0.85. The tool dimensions, plate thicknesses and
welding speeds were selected in order to be in the same range of the experimental works
covered by the database.

Analysing Figure 364, it is possible to conclude that, for a constant rotational speed,
the torque registered in the numerical simulations increased with the tool dimensions, and
for a constant geometry parameter, the torque decreased by increasing the rotational
speed. The figure also shows that the influence of the tool dimensions on the torque
evolution is more significant for low than for high rotational speeds and, on the other
hand, the influence of the rotational speed on the torque evolution is more significant for
large than for low geometry parameter values. The decrease of the torque with the
rotational speed may be attributed to the increase in the heat generation and consequent
base material softening, as reported when analysing the heat generation mechanism
during welding. On the other hand, the increase in the torque with the geometry parameter
has to be related to the increase of the amount of material stirred by the tool, as observed
when analysing the mechanism that govern the transport of material during welding
(Figure 33).

In Figure 36b is shown the evolution of the torque with the traverse speed and the
plate thicknesses, obtained for a constant rotational speed of 900 rpm. For the results
shown in the figure no proportionality between the shoulder diameter and the plates
thickness was considered, instead a tool with a constant diameter of 18 mm, a Ds/Dj, ratio
of 3 and a pi/t ratio of 0.85 was used, while the plates thickness was varied from 1 to 9
mm. Analysing the results, it is possible to conclude that the torque registered in the
numerical simulations increased with the traverse speed and plates thickness. The figure
also shows that the influence of the traverse speed on the torque evolution is more
significant for high than for low values of plate thickness and, on the other hand, the
influence of the plates thickness on the torque evolution is more significant for higher

than for lower traverse speeds.
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Figure 36 — Numerical results concerning the evolution of the torque with the rotational speed and
the geometry parameter (a) and with the traverse speed and plate thickness (b).

In Figure 37, is now shown the evolution of the welding torque with the product of
the traverse speed by the plate thickness (vt), the two parameters which were found to be
important factors in determining the heat dissipation during welding. In the figure, the
results plotted with red squares correspond to the numerical simulations of Figure 363, in
which heat dissipative effects associated with the thickness and the traverse speed were
minimised by assuming a constant value for v and setting the shoulder diameter
proportional to the plates thickness. The results plotted with circles correspond to the
numerical simulations of Figure 36b, in which the shoulder diameters, plate thicknesses
and traverse speeds were selected in order to enhance the heat dissipative effects on the
temperature fields. Analysing the figure, it is possible to conclude that the torque

decreases with the rotational speed, due to its important influence on the heat generation,
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but increases with the geometry parameter, which is the main factor in determining the
volume of material stirred by the tool. The torque also increases non-linearly with the
product (vt), due to the important influence of both parameters in the heat dissipation, i.e.
in decreasing the welding temperature.
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Figure 37 — Numerical results concerning the evolution of torque with the traverse speed
multiplied by the plate thickness (vt) when heat dissipative effects are minimized (red squares) and
maximized (black circles) (adapted from “Article C”).

4.3.2. Spot welding

Figure 38 shows the evolution of torque with time, registered for the weld produced in
the AA7075 aluminium alloy, with a tool with 16 mm diameter and a rotational speed of
660 rpm. It is possible to observe that the torque rapidly increased at the beginning of the
welding process, as the tool was plunged into the workpiece. At the end of the plunging
phase, the torque reached its maximum value and then started to decrease, when the
dwelling phase started, reaching steady-state values after a certain time. After the tool
removal, the torque instantaneously started to decrease. The torque evolution with time
was identical in all the welding tests, independently of the processing parameters and/or
base material tested.

Figure 39 and Figure 40 show the evolution of the torque values with the rotational
speed and the tool dimensions, in the spot welding of the aluminium alloys and steels,
respectively. To be able to correlate the torque with the temperature, the torque values
were calculated considering the same time interval used to determine the welding
temperatures (Figure 17). The results in Figure 39 correspond to the welds produced in
the AA2017, AA5083, AA6082 and AA7075 aluminium alloys by varying the rotational
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speeds, between 660 to 1500 rpm, and the shoulder diameters, between 10 to 18 mm. The
results in Figure 40 correspond to the welds produced in the DC, HC and DP steels by
varying the rotational speeds, between 870 to 1500 rpm, and the shoulder diameters,
between 10 to 16 mm. Analysing both figures, it is possible to conclude that the evolution
of the torque with the process parameters is equal to the one already reported for the linear
welding, i.e. the tool torque decreases with the increase of the rotational speed and
decrease with the decrease of the tool dimensions. The figures also show that the
evolution of the torque with the process parameters was identical for the ferrous and non-

ferrous alloys.
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Figure 38 — Evolution of torque with time for the weld produced in the AA7075 aluminium alloy,
with a tool diameter of 16 mm and a rotational speed of 660 rpm.

However, by relating the torque evolution in Figure 39 and Figure 40, with the
results of the thermal analysis carried out in section 3.2, for spot welding, it is possible to
conclude that the torque is not directly related to the welding temperatures. For instance,
for the welds produced in the aluminium alloys, a shoulder diameter related temperature
threshold was registered for rotational speeds higher than 600 rpm. However, according
to Figure 39, no stabilisation in the torque evolution with the rotational speed may be
observed. In the same way, for the spot welds produced in the DP steel, with the larger
tool diameters, no variation in the temperature with the rotational speed was registered,
although according to Figure 40, for the same welding conditions, a decrease in torque
may be observed. These results suggests that for the welding conditions for which a
threshold in the welding temperatures is observed, the mechanical interaction between
the tool and the workpiece, and in this way, the heat generation mechanism, have to be

different for the different rotational speeds.
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Figure 39 — Evolution of the torque values with the rotational speed and geometry parameter, for

AA5083 (b), AA6082 (c) and AA7075 (d) aluminium alloys.
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Figure 40 — Evolution of the torque values with the rotational speed and geometry parameter, for

the DC (a), HC (b) and DP (c) steels.
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4.4.Modelling the welding torque

The data from the numerical and experimental tests was used for developing analytical
models, that relate the process parameters with torque, in FSW and FSSW. Since the
traverse displacement of the tool does not exist in FSSW, different models were proposed
for the FSW and FSSW processes.

4.4.1. Linear welding

The parametric analysis performed in the previous sections allowed to understand and to
assess the evolution of the welding torque with the process parameters. Considering the
results from Figure 37, obtained in the numerical simulation of the linear welding, a
torque coefficient, Cw, is proposed to quantify the evolution of the tool torque with the

processing parameters:

Cy =—1Vvxt. (42)

In Figure 41 are plotted the torque values obtained in the numerical simulations
performed in current work versus the torque coefficient. According to the figure, it is

possible to establish a linear relationship between the torque and Cw as follows:

In the previous equation, Ky is a constant related to the base material being welded.
Fitting the numerical results it was determined that Ky = 6.

As it was done in the thermal analysis, the torque model was also validated by
comparing of the model previsions with the torque data from the literature. The results
obtained are shown in Figure 42. In order to fit accurately the experimental results, the
torque values computed using Eq. 43 had to be multiplied by a Am constant. The need for
this constant may be associated with different welding setups or different procedures in
acquiring the torque results and or computing the average torque values. According to the
figure, by adjusting Am for the different references, it is possible to conclude that the

proposed model is able to predict with accuracy the torque results obtained by the
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different authors, which shows that the Cw coefficient is able to reproduce satisfactorily

the torque evolution for the welding conditions covered by the database.
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Figure 41 — Evolution of the torque values, obtained in the numerical simulations, with the torque
coefficient (adapted from “Article C”).

In Table 14 are now shown the fitting constants for several of the torque models
referred in the literature review, obtained using the experimental results of the database.
To assess the quality of the correlation between the experimental values with the ones
predicted by the models available in the literature, the Pearson correlation coefficient was
calculated individually for each model. Analysing the table, it is possible to conclude that
the proposed model provides better predictions on the torque evolution with process
parameters than the other models. This improvement is related to the fact that a larger
number of process variables are considered in the model proposed in this dissertation. It
is also assumed that a good assessment of the evolution of the thermal and mechanical
conditions developed during welding, with the process parameters and plate thickness,

was achieved in the current work, due to the extended parametric analysis performed.
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Figure 42 — Comparison of the experimental torque results, from the database, with the torque
values calculated with Eq. 43 (adapted from “Article C”).
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Table 14 — Constants for the torque models, calculated using the experimental results from the

database.
Model Constants
Awm 10700
Colegrove and Shercliff am 0.20
2003 [164] v 0.97
R? 0.77
Mo 7
. Mt 414
Cui et al. 2010 [93] - 11763
R? 0.69
a 15438
Leitdo et al. 2012 [158] b 0.87
R? 0.59
Km 6
Proposed Model R? 096

4.4.2. Spotwelding

As shown in the previous sections, the evolution of the welding torque with the rotational
speed and the tool dimensions is identical in spot and in linear welding. Although, since
in spot welding the linear displacement of the tool does not exist, the Cw coefficient was
rearranged by withdrawing the traverse speed from Eq. 42. So, the Cwusw coefficient, is

proposed for modelling the torque evolution with process parameters in spot welding:

G

In Figure 43 and Figure 44 is plotted the evolution of the torque values obtained in
the spot welding of the AA2017, AA5083, AA6082 and AA7075 aluminium alloys and
of the DC, HC and DP steels, respectively, with the Cu sw coefficient. The figures enable
to conclude that the proposed coefficient fits satisfactorily the experimental results. It is
also possible to depict a linear relationship between the torque values and Cw,sw, which

can be expressed through the relationship,

M = Ky sw X Cy sw) (45)
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in which Kwmsw is a constant. Fitting the experimental results in Figure 43 and Figure 44
it was determined that for the aluminium alloys and for the steels tested in current work,
Kwm,sw is equal to 62 and 80, respectively. It is also interesting to notice that although the
base materials tested have different chemical compositions and mechanical strength, at
room temperature (Figure 3 and Figure 4), the evolution of the torque with Ku,sw was
similar for the different ferrous and non-ferrous alloys.

Finally, it is also important to conclude the accurate prediction of the experimental
results, for the very large range of welding conditions and base materials tested, proves

that the torque coefficient is reliable for predicting the evolution of torque.
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Figure 43 — Evolution of torque values with the Cw sw coefficient, for the spot welds produced in
AA2017 (a), AA5083 (b), AA6082 (c) and AA7075 (d) aluminium alloys.
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Figure 44 — Evolution of torque values with the Cw,sw coefficient, for the spot welds produced in
DC (a), HC (b) and DP (c) steels.
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5. Process Assessment

The feasibility of using pinless tools to produce spot and linear lap welds in very thin
steel plates is analysed in this chapter. First, a literature review on the similar and
dissimilar joining of steels using pinless tools is presented. After this, the results of the
current work are shown. The bonding mechanisms in linear lap welding of steels, with
pin and pinless tools, are compared and the main differences between them are
highlighted. The quality of the linear welds is discussed based on the morphological and
mechanical characterization of the joints, produced under a varied range of tool diameters,
traverse and rotational speeds. The influence of the rotational speed, tool diameter and
dwell time on the quality of the spot welds produced in galvanised and non-galvanised
steels, is also analysed. To better assess the influence of the galvanised coating on the
thermo-mechanical conditions developed during spot welding, steels with different

coating thicknesses were tested.

5.1.Literature review

Steels are the most commonly used material for engineering applications due to its high
strength and low cost. Since the development of FSW, there has been a growing number
of studies investigating the feasibility of using this welding process in the joining of steels.
Several authors pointed out that the main advantage of using FSW, instead of the
conventional fusion welding methods, in the joining of steels, is the possibility of
producing welds with low heat input. The range of temperatures attained in the FSW of
steels is shown in Figure 45, where are listed some experimental works reporting
temperature measurements in linear and spot joining of carbon steels [21,88,89,165-169].
The figure shows that the welding of steels may be successfully performed in a
temperature range between 400 to 1300 °C. According to the authors cited in the figure,
this temperature range is suitable for obtaining welds with favourable microstructure,

avoiding the formation of brittle phases, and with good mechanical properties.
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Figure 45 - Experimental works that have reported temperatures measurements in FSW and
FSSW of carbon steels (Adapted from “Article B”).

However, even though FSW may be used to produce steel welds with good quality,
its application at an industrial level is still very limited, when compared with the number
of existing applications for aluminium alloys [22]. According to Cam 2011 [170] and Rai
etal. 2011 [17], this is related to the fact that for steels, the wear and/or rupture of the pin
represents a huge drawback, in FSW, since durable and economic tool materials, capable
of welding high melting point alloys, have not yet been developed. For the lap welding
of very thin steel plates, one possible solution for this problem was proposed by Mira-
Aguiar et al. 2016 [4], who suggested the use of pinless tools.

Mira-Aguiar et al. 2016 [4] used a tungsten carbide pinless tool, with a diameter of
12 mm, in the linear lap welding of 1 mm thick DX51D and DCO1 steel plates, with
rotational and traverse speeds of 1000 rpm and 600 mm/min, respectively. According to
the authors, due to the absence of the pin, no material stirring takes place across the lap
plates interface during the welding with pinless tools, as in the lap welding using
conventional FSW tools. So, the joining of the plates results from the plastic deformation
of the interface, at the very high pressure and the very high temperature promoted by the
pinless tool, following mechanism very similar to that operating in Friction Welding
(FW). Since the welding mechanisms were reported to be different from the ones in FSW,
but similar to that governing FW, the authors labelled the process as Tool Assisted
Friction Welding (TAFW).
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Andrade et al. 2018 [171] compared the material flow in the dissimilar lap welding
of aluminium and copper by TAFW and FSW. These authors also reported different
joining mechanisms, when comparing the welds fabricated by the two processes. For the
welds produced by FSW, an intercalated lamellae structure composed of aluminium and
copper was registered at the lap interface, which promoted the joining of the base
materials by mechanical interlocking. When TAFW was used, no plastic deformation was
registered during welding, except that associated with the axial compression of the tool.
The authors observed an intermetallic layer, at the interface, which they associated to the
diffusion between both base materials.

Kim et al. 2017 [172] also tested a WC-Co pinless tool in the butt welding of 1 mm
thick 430M2 ferritic stainless steel. Welds without any defects and with strength equal to
that of the base material were produced. Although, Kim et al. 2017 [172] did not perform
any analysis of the joining mechanisms and assumed that the welds were produced by
FSW.

van der Rest et al. 2014 [2] used pinless tools to produce lap welds between a 0.8
mm thick micro alloyed ultralow carbon steel and 1 mm (Al 1050) or 2 mm (Al 2024 T3)
thick aluminium sheets. A tungsten carbide tool with 16 mm diameter, operating at a
constant rotational speed of 2000 rpm and varied traverse speeds, between 100 and 700
mm/min, was used. During welding, the higher melting point base material was placed at
the top of the joint, for inducing very high temperatures at the plates interface, leading to
the partial melting of the bottom plate. According to the authors, the joining between the
two plates results from the formation of Al-Fe intermetallics, which lead the authors to
label the process as Friction Melt Bonding (FMB). Similarly, Zhang et al. 2011 [173]
used a pinless tool for the lap welding of 1.8 mm thick aluminium to low carbon steel
plates, using a zinc foil interlayer. Although, in this case, the lower melting point material
was placed at the top of the weld and, according to the authors, the joining between the
plates resulted from the melting of the 0.1 mm thick zinc foil, placed between the two
plates. This process was labelled by the authors as Friction Stir Brazing (FSB).

Pinless tools have also been used by Aota et al. 2009 [174] to produce spot welds
in a 0.5 mm thick low carbon steel. Due to the very small thickness of the plates, the
authors used a sialon ceramic tool with a diameter of 3.6 mm and a very high rotational
speed of 18000 rpm, which is much higher than that generally used in FSW. Nevertheless,
the authors were able to produce welds without defects and with good mechanical

strength.
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Finally, Sun et al. 2012 [175] proposed a novel welding technique, that used pinless
tools, to produce steel spot welds without keyhole, in 1 mm thick mild steel. Although,
the process proposed by the authors makes use of two operational steps. In the first step,
a silicon nitride tool with a pin and a specially designed backing plate, with a round dent
on its surface, are used. During this stage, a keyhole and a protuberance are formed on
the top and bottom surfaces of the welds. In the second stage, a pinless tool is used to
remove the protuberance and the keyhole of the weld. Using this method, the authors
were able to obtain sound joints with smooth surfaces and without any internal welding
defects.

According to the literature review, even though pinless tools were already used with
success in the butt and lap welding of several steels, its feasibility to produce spot and
linear steel lap welds, under a varied range of welding conditions, and for diversified base
materials, remain an unexplored subject in the literature. So, in this dissertation, the
feasibility of using pinless tools to produce spot and linear lap welds, in galvanised and

non-galvanised steels, was explored.

5.1.Linear welding

The work carried out to analyse the feasibility of using pinless tools to produce linear lap
welds is schematically represented in Figure 46. As shown in the figure, the bonding
mechanisms in the linear lap welding of DC steel, with pin and pinless tools, were
assessed and compared, by performing a coupled experimental and numerical analysis.
In addition, the influence of the process parameters on the joints morphology was also
analysed by producing welds in the DXR14 steel under a varied range of tool diameters
and rotational and traverse speeds. An analysis of the influence of the process parameters
on the linear lap welds strength was also carried out by performing tensile-shear tests.
The morphology and strength of the welds were related to the evolution of the contact
conditions, with the process parameters, assessed by analysing the welds morphology and

the welding torque.
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Figure 46 - Schematic representation of the process assessment analysis performed in current
work for the linear welds.

5.1.1. Analysis of the bonding mechanisms

In Figure 47a and b are compared the cross sections of steel lap welds, produced with pin
and pinless tools, respectively, in 1 mm thick DC steel plates, using rotational and traverse
speeds of 1000 rpm and 600 mm/min, respectively. Both tools, the pin and the pinless,
had a shoulder diameter of 12 mm. The conventional tool had a conical non-threaded pin,
with 1.1 mm length and top and bottom pin diameters of 8 and 4 mm, respectively [4]. In
Figure 47c and d are shown the streamlines, representing the material flow around the
tool, at the plates lap interface, and the equivalent strain rate distribution maps, obtained
when simulating the experimental tests with COMET software, following the procedures
explained in Chapter 2. Figure 47a enable to observe that, when using the tool with pin,
the joining of the top and bottom plates results from the base material stirring/mixing,
promoted by the pin, across the lap interface. The base material stirring conducts to the
formation of the onion ring structure, visible in the image, as well as to the formation of
the hook and cold lap defects, also signalized in the figure. These defect result from the
upward and downward material flow of the bottom and top plates materials, across the
lap interface, resulting from the stirring action of the tool. The strong stirring action of

the tool, over the base material, is also illustrated by the streamlines in Figure 47c.
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Figure 47 — Comparison of the cross section (a and b) and material flow (¢ and d), computed
through numerical simulation, of welds produced by pin and pinless tools.

Contrary to this, Figure 47b shows that, for the weld produced with the pinless
tool, no material stirring across the lap plates interface took place, as is demonstrated by
the continuous line, aligned with the original interface of the plates, which can be
observed in the weld cross-section. For this weld, no hook or cold lap defects may be
observed in the figure. The absence of material flow across the lap plates interface is also
illustrated by the streamlines shown in Figure 47d.

Additionally, in the weld cross section of Figure 47b, it is possible to observe a
process affected zone (PAZ), composed by the base material which was subjected to the
thermal cycles and the very high pressure promoted by the tool. The PAZ morphology
indicates that the tool stirring action was restricted to a very thin region, at the top of the
weld. This region, which is shown in more detail in Figure 48a, where it is possible to
observe a dark layer containing tool remnants, as revealed by the SEM/EDS analysis
(Figure 48b), coincides with the region with non-zero strain rate in the strain rate maps in
Figure 47 d. Although no material stirring took place across the lap interface, the joining
of the plates occurred, as is shown by the micrograph in Figure 49, where it is possible to
observe the microstructural continuity between the top and the bottom sheets. These
results demonstrate that for the pinless tool, the joining of the plates results from the
plastic deformation and the atomic diffusion across the interface at the very high pressure

and temperature developed during welding.
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Figure 48 — Magnification of the weld microstructure at the top surface (a) and SEM/EDS analysis
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Figure 49 — Magnification of the weld microstructure at the plates bonding interface.

5.1.2. Morphological analysis

The influence of the process parameters on the morphology of the linear lap welds
produced with the pinless tools is illustrated in Figure 50 to Figure 52, extracted from
“Article A”, which refers to the welding of the DXR14 steel, using tools with different
diameters and varying traverse and the rotational speeds. More precisely, in Figure 50 are
shown the cross sections of the welds manufactured at a constant tool rotational and
traverse speeds of 1000 rpm and 600 mm/min and varying tool diameters, from 10 to 16
mm. The influence of the traverse speed on the PAZ morphology is illustrated in Figure
51, where are shown the cross sections of the welds produced using the PL16 tool, at a
constant rotational speed of 1000 rpm and varying traverse speeds from 200 to 1000
mm/min. In Figure 52 are shown the cross sections of the welds manufactured with the

PL16 tool, at a constant traverse speed of 600 mm/min and varying rotational speeds from
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600 to 1400 rpm. The images in the left side of the figures correspond to photographs of
the cross-sections after chemical etching. The images in the right side of the figures were
obtained by eliminating the microstructure from the images in the left side, using an image
editing software. In all cross-section photographs, except that in Figure 523, it is possible
to observe a PAZ with a microstructure different from that of the base material and a dark
line in the middle of the PAZ, aligned with the plates original interface. The images in
Figure 50 to Figure 52 also indicate that bonding of the plates was obtained for most of
the welding conditions tested. The only exception was reported for the weld performed
with the tool PL16 at rotational and traverse speeds of 1000 rpm and 1200 mm/min
(Figure 51f), respectively, for which separation of the plates occurred when handling the
samples for the metallographic analysis. For the weld produced with the PL16 tool at 600
rpm and 600 mm/min, the formation of cracks at the retreating side was also observed
(Figure 52a).

Comparing the cross-sections on the right side of Figure 50 to Figure 52, in which
the contour of the PAZ was delimited using dashed lines, it is possible to conclude that
the PAZ morphology is symmetrical relative to the weld axis for the welds performed
with the different tools, but using similar welding parameters (Figure 50) and for the
welds performed with the PL16 tool and low values of tool advancing (Figure 51a to c)
and/or rotational (Figure 52b and c) speeds. On the other hand, a strong asymmetry in
PAZ morphology/shape, relative to the weld axis, is evident for the welds produced with
the PL16 tool and with the highest tool traverse (Figure 51d to f) and rotational (Figure
52d and e) speeds. When increasing the traverse speed, the deepness of the PAZ also
diminishes, becoming almost constricted to the upper plate. This is shown by the PAZ
thickness, z in Figure 51d, e and f, which is equal to 1.7 mm, 1.55 mm and 0.95 mm,

respectively.
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Figure 50 — Cross sections of the welds manufactured at a constant tool rotational and traverse
speeds of 1000 rpm and 600 mm/min and varying tool diameters from 10 to 16 mm (adapted from
“Article A”).

PLI6 - 1000 rpm

a) 200 mm/min

PAZ

b) 400 mm/min
RS —2mm__ AS RS

T -

¢) 600 mm/min

RS —2mm AS RS AS
d) 800 mm/min
RS —mm AS RS AS
T L —=r ]
e) 1000 mm/min
RS _smm AS RS AS
) 1200 mm/min

RS —Ssmm __ AS RS AS
I ;; A A — ,J

Figure 51 — Cross sections of the welds manufactured with the PL16 tool, at a constant rotational
speed of 1000 rpm and varying traverse speeds (adapted from “Article A”).
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Figure 52 — Cross sections of the welds manufactured with the PL16 tool, at a constant traverse
speed of 600 mm/min and varying rotational speeds (adapted from “Article A”).

Figure 53, Figure 54 and Figure 55 show details of the microstructure at the
advancing and retreating sides of the welds in Figure 51c, Figure 51e and Figure 52d,
respectively. A dark line was plotted, at the AS and RS of the welds, delimiting a region
with a refined microstructure (the PAZ) from a region with a coarser grain structure (the
base material). In the middle of the PAZ, a microstructure with coarser grain size than the
base material was observed for all the welds (Figure 53c, Figure 54c and Figure 55c). The
presence of a coarse grain structure in the PAZ is contradictory to that reported by other
authors in FSW [176] and FSP [177] of low carbon steels. This result is another important
evidence that the welding mechanisms taking place when using pinless tools are different
from those taking place when using tools with pin, since no base material refinement
associated with dynamic recrystallization took place in the PAZ, as reported by [176,177].

The images in Figure 53, Figure 54 and Figure 55 also show that the shape of the
PAZ boundary at the AS is similar for all the welds (Figure 53d, Figure 54d and Figure
55d). However, the shape of the PAZ boundary at the RS varies according to the welding

94



Process Assessment

conditions (Figure 54a and Figure 55a) showing an asymmetry in PAZ shape, between
the AS and RS, for the welds produced at the highest values of tool rotational and traverse
speeds. For these welds, the PAZ at the RS is almost restricted to a thin region near the

plates surface.

PLI16
1000 rpm
600 mm/min

Retreating Process affectedzone Advancing

Figure 53 — Details of the microstructure at the AS and RS of the weld in Figure 51c (adapted
from “Article A”).
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Figure 54 — Details of the microstructure at the AS and RS of the weld in Figure 51e (adapted
from “Article A”).
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Figure 55 — Details of the microstructure at the AS and RS of the weld in Figure 52d (adapted
from “Article A”).

As already stated in this dissertation, according to Schmidt et al. 2003 [52], the
contact conditions at the tool-workpiece interface, in FSW, can be described as a complex
combination of slipping and sticking. Present results show that when using pinless tools
the contact conditions may be unsymmetrical between the AS and RS, according to the
process parameters. More precisely, the symmetry in PAZ morphology, for the welds
produced with low values of tool advancing and rotational speeds, prove that the heat
generation/distribution was homogeneous at the AS and RS sides of the tool. For these
welds, mixed slipping/sticking conditions were prevalent across the entire tool-workpiece
contact surface. The asymmetry in PAZ morphology, for the welds produced with high
values of tool advancing and rotational speed, prove that the heat generation/distribution
was not symmetrical relative to the weld axis. The shape of the PAZ at the RS shows that
slipping governed the contact conditions in this side of the tool, where the PAZ is
constricted to the upper plate surface. The shape of the PAZ at the AS shows that contact
conditions at this side of the tool were similar to that registered for the other welds.

In order to better understand the strong asymmetry in morphology between the AS
and RS of the welds produced at highest values of traverse and rotational speeds, an
analysis of the process parameters was made. Figure 56 shows a schematic view of the
linear velocities of points in the outer radius of the shoulder, at the advancing (point A)
and retreating (point B) sides of the tool. The diagram shows that the direction of rotation

is the same as that of the linear translation of the tool, at the AS, and opposite at the RS.
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So, the linear velocities associated with the advancing (v) and rotational (v,) movements
of the tool have the same direction in Point A and the opposite direction in Point B. This
way, the difference V between the linear advancing and the rotational speeds (v - Vo) IS
higher at the RS than at the AS (Ve>Va).

Figure 57a and b shows the evolution of Vg with the different traverse and rotational
speeds, respectively. It is possible to see that Vg increases when increasing the traverse
and rotational speeds. In both graphs, the points marked in red identify the welds where
an asymmetry in morphology, between the AS and the RS was observed, showing that
this phenomenon occurred when Vg >1600 mm/s.

A torque sensitivity analysis was also performed, as shown in Figure 58, where is
represented the evolution of the average weld torque with the process parameters (v/®)
for the welds produced with the PL16 tool. Analysing the figure, it is possible to observe
two different trends in the torque evolution for the welds produced with Vg lower (black
points) and higher (red points) than 1600 mm/s. The torque tends to stabilise when
decreasing v/®, for the welds produced with Vg < 1600 mm/s. For the welds produced
with Vg > 1600 mm/s, the torque tends to stabilise when increasing v/®. Since no
significant base materials stirring takes when pinless tools are used, as when tools with
pin are used, the differences in torque evolution for the welds performed with Vg higher
and lower than 1600 mm/s have to be related with the differences in tool-workpiece
contact under the different welding conditions.

It is possible to conclude that the asymmetry in welds morphology resulted from
the prevalence of slipping contact conditions at the RS of the tool during welding. The
torque evolution in Figure 58 is another evidence of the prevalence of slipping contact
conditions when VB > 1600 mm/s. More precisely, when increasing the weld pitch, the
distance travelled by the tool in each revolution increases, slipping contact conditions
become more favourable (independently of Vg) and the torque tends to stabilize. This
assumption is supported by the fact that the average torque for the weld performed at 600
mm/min and 600 rpm (white point), produced with Vg < 1600 mm/s, follows the red line
trend. As can be observed in Figure 52a, this weld has cross-section features characteristic
of unstable contact at the tool-workpiece material interface during welding.

When welding with Vg < 1600 mm/s, the torque decreases when decreasing the
weld pitch. In this situation, the distance travelled by the tool in each revolution decreases
and the conditions for sticking contact become more favourable. The parameter Vg, in

this case, does not enforce slipping contact conditions at the RS of the weld. The evolution
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of the contact conditions and torque with the process parameters is governed by the same
mechanism operating when using tools with pin.
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Figure 56 — Schematic view of the tool, showing the linear velocities of points in the outer radius
of the shoulder, at the advancing (point A) and retreating (point B) sides (adapted from “Article A”).
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Figure 57 — Evolution of Vg with the traverse speed (a) and rotational speed (b) (adapted from

“Article A”).
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Figure 58 — Evolution of torque values with the weld pitch v/o (adapted from “Article A”).
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5.1.3. Mechanical characterisation

The strength of all the welds shown in Figure 50 to Figure 52 was evaluated by testing
AS and RS loaded samples, following the procedures explained in Chapter 2. The analysis
of the results enabled to conclude that most of the samples had lap shear strength similar
to the ultimate tensile strength of the base material. The only exception was reported for
the weld performed with the PL16 tool at 1000 rpm and 1000 mm/min, for which the lap
shear strength of some of the samples did not exceed the yield strength of the base
material. Additionally, for most of the welds, no important differences in the lap shear
strength of the AS and RS samples were reported.

In order to illustrate the previous statements, Figure 59 to Figure 61 show load-
displacement curves of some selected welds. More precisely, Figure 59 shows the load-
displacement curves, corresponding to AS and RS samples of the weld produced with the
PL16 tool, using rotational and traverse speeds of 1000 rpm and 600 mm/min,
respectively, together with the load-displacement curve under tension, of a homogeneous
specimen of the base material, with the same width of the lap shear samples. The figure
shows that both the AS and RS samples of the weld had mechanical behaviour/strength
similar to that of the base material. The Mises strain maps, at maximum load, displayed
in Figure 59b and c, also show that both the RS and AS samples failed in the base material
far from the weld. In Figure 59d is shown an image of the base material fracture. Since
no plastic deformation was recorded inside the PAZ, it is possible to confirm that no lap
defects or bonding discontinuities, acting as stress concentrators, were present in the
weld. Similar behaviour/strength was reported for most of the welds analysed in this
work, except for that produced with the PL16 tool and the highest values of tool rotational
and traverse speeds.

In Figure 60a is shown the load-displacement curves, corresponding to AS and RS
samples of the weld produced with the PL16 tool, using rotational and traverse speeds of
1000 rpm and 1000 mm/min, respectively. The figure shows that some of the samples of
the weld made with a traverse speed of 1000 mm/min had rupture for load values in the
range of the yield strength of the base material (red curves in the graph). These samples
failed by separation of the plates, at the bonding interface, as shown in Figure 60b. The
important differences in strength/behaviour reported for the AS and for the RS samples
of this weld, show that the quality of the bonding was not uniform along the weld length.

Also, for the weld performed with the PL16 tool at rotational and traverse speeds of 1000
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rpm and 1200 mm/min, respectively, the separation of the faying surfaces occurred when
handling the samples for the mechanical characterization. In the same way, a non-uniform
behaviour in lap shear testing was reported for the weld manufactured with the PL16 tool,
at a traverse speed of 600 mm/min and a rotational speed of 1400 rpm, as is shown in
Figure 61. For this weld, despite all the samples had strength similar to the UTS of the
base material (Figure 61a), the failure modes were different for the AS and for the RS
samples. As is shown by the Mises strain maps in Figure 61b and c, while the AS samples
failed in the base material, with no plastic deformation in the weld, the RS samples had
failure in the top plate, inside the PAZ.

The lap shear testing results show that despite all the welds analysed displayed
excellent strength, the loading/failure behaviour was not uniform for the welds with

strong asymmetry in PAZ morphology.
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Figure 59 — Load-displacement curves (a), strain maps (b—c) and fractured sample (d) for the weld
produced with the PL16 tool at 600 mm/min and 1000 rpm (adapted from “Article A”).
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Figure 60 — Load-displacement curves (a) and fractured sample (b) for the weld produced with the
PL16 tool at 1000 mm/min and 1000 rpm (adapted from “Article A”).
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Figure 61 — Load-displacement curves (a), strain maps (b—c) and fractured sample (d) for the weld
produced with the PL16 tool at 600 mm/min and 1400 rpm (adapted from “Article A”).

5.2.  Spot welding

The work carried out to analyse the feasibility of using pinless tools to produce steel spot
welds is schematically represented in Figure 62. Similarly, to what was performed for the
linear welds, the bonding mechanisms in spot welding of DC steel, with pinless tools,
were analysed by coupling experimental and numerical results. The spot welds strength
was evaluated by performing mechanical characterization tests of welds produced in
galvanised and non-galvanised steels (DC and DXR14) under a varied range of tool

diameters, rotational speeds and dwell times. In addition, special attention was put in
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characterizing the influence of the galvanised coating thickness on the thermo-mechanical
conditions developed during spot welding. Once again, this analysis was performed by

coupling experimental and numerical results.

Process Assessment *  Analysis of the bonding mechanism
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Figure 62 - Schematic representation of the process assessment analysis performed in current
work for spot welds.

5.2.1. Analysis of the bonding mechanisms

The bonding mechanisms in spot welding were analysed by producing a weld in DC steel,
with the PL12 tool and with a rotational speed of 1140 rpm. In Figure 63a it is shown the
cross section of the weld produced, and in Figure 63b it is shown the strain rate
distribution map, in the weld cross section, obtained when simulating the experimental
conditions in which the weld shown in Figure 63a was produced. Analysing the figure, it
is possible to conclude that the weld cross section is very similar to that of the linear weld
produced with a pinless tool (Figure 47b). Once again, it is possible to observe a darker
region, which corresponds to the PAZ, and a continuous line at the mid thickness of the
weld, aligned with the plates original interface. The strain rate map, in Figure 63b, also
shows that the stirring action of the tool was limited to a region close to the weld top
surface, which correspond to the weld region were higher amount of tool remnants were
observed for the linear weld. The computed strain rate values are zero at the plates
interface, which supports the previous assumption that no stirring occurred across the
base materials thickness. Although no stirring took place at the plates interface, joining

of the plates occurred as is shown by the micrograph in Figure 64, where it is possible to
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observe the microstructural continuity between the top and the bottom sheets, which
shows that the joining between the plates occurred due to diffusion mechanisms

associated with the very high pressure and temperatures attained during welding.

Strain rate 150 133 117 100 383 §7 50 33 17 0
] E—— b O —
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Figure 63 — Comparison of the weld cross section (a) and strain rate map (b) for the spot weld
produced in the DC steel with a rotational speed of 1140 rpm and with a tool diameter of 12 mm (adapted
from “Article E”).

Figure 64 — Magnification of the weld microstructure at the plates bonding interface (adapted
from “Article E”).

5.2.2. Mechanical characterisation

The strength of the steel spot welds was evaluated by testing shear tension samples,
following the procedures explained in Chapter 2. The influence of the rotational speed,
tool diameter, dwell time and galvanised coating thickness, on the strength of the spot
welds, is shown in Figure 65. The welds were produced in the DC steel, by varying the
rotational speed and the tool diameter between 870 and 1500 rpm and using the PL10
(Figure 65a), PL12 (Figure 65b) and PL16 (Figure 65c) tools, and in the DXR14 steel, by

103



Process Assessment

varying the rotational speed between 870 and 1500 rpm and using the PL12 tool (Figure
65d). Dwelling periods of 5, 15, 30 and 60 s were tested for all the process parameters
combinations. In Figure 65e and f are also represented the failure modes identified for the
different samples tested.

Analysing Figure 65, it is possible to conclude that the strength of the joints
significantly varied according to the welding conditions tested. For the non-galvanised
steel, the strength always increased by increasing the tool diameter, irrespective of the
rotational speed and dwell time, enabling to conclude that the tool diameter is the main
factor determining the metallurgical bonding area. On the other hand, for short process
cycle times, when welding with the smaller tool diameters, increasing the rotational speed
increased the strength of the joints. When welding with the PL16 tool, no influence of the
rotational speed on the joint strength was registered. These results are related to the strong
influence of the shoulder diameter and rotational speed on the heat generation, as already
shown in Figure 20a. According to Chapter 3 results, in spot welding of steels, for large
tool diameters and large rotational speeds, a threshold in heat generation is attained, and
the temperature remains constant independently of the processing parameters used. On
the other hand, for small tool diameters, the welding temperature keeps increasing with
the increase of the rotational speed. Based on these results, it is possible to conclude that
increasing the welding heat input improves the spot joints strength.

Another important factor governing the strength of the joints is the welding time.
Analysing the figure, it is possible to observe that increasing the welding time from 5 to
15 s, for the PL10 and PL12 tools, at a constant rotational speed of 870 rpm, lead to a
substantial increase of the joint strength. It is also important to notice that for welding
times higher than 30 s, no influence of the rotational speed or welding time on the joints
strength was registered.

Comparing now the strength of the uncoated steel (DC) welds to that of the
galvanised steel (DXR14) welds, it is possible to conclude that the galvanised coating has
a strong influence on the joint properties. While for the welds produced in the DC steel,
with the PL12 tool and a rotational speed of 870 rpm, effective joining between the plates
was obtained for 15 s dwell time, for the DXR14 steel welds, produced with the same
processing parameters, the joining between plates only occurred for 30 s dwelling time.
Also, for the DXR14 steel, no effective joining occurred for a welding time of 5 s, even

when using a rotational speed of 1500 rpm.
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Finally, according to Figure 65e and f, the fracture behaviour of the samples can be
divided into two groups, i.e., interfacial fracture, when the fracture occurred by separation
of the faying surfaces (square points), and plug fracture, when the fracture occurred by
crack propagation along the weld perimeter (circular points). According to the figure,
most of the shear tension samples tested displayed plug fracture mode. The only
exceptions were the DC welds produced with the PL12 and PL10 tools, 870 rpm and 5 s
dwelling time, and the DXR14 steel welds produced with the PL12 tool, 1500 and 870
rpm and dwelling times lower than 15 s, i.e. the welds with lower mechanical strength.
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Figure 65 — Influence of the rotational speed, shoulder diameter, welding time and galvanised
coating thickness on the shear tensile load of the welded joints (adapted from “Article E”).

5.2.3. Analysis of the thermo-mechanical conditions

To better understand the effect of the galvanised coating on the strength of the spot welds,
an analysis on the influence of the galvanised coating thickness on the thermo-mechanical
conditions developed during spot welding was conducted. With this aim, spot welds were
produced in DC, DCR2.5, DXR10 and DXR14 steels, which had 0, 2.5, 10 and 14 um
thick galvanised coatings, respectively. Rotational speeds from 870 to 1500 rpm and a
constant tool diameter of 12 mm were used in this study. The thermo-mechanical
conditions developed during welding were assessed by registering the thermal cycles with
a thermographic camera and by simulating the experimental tests with COMET software,
following the procedures explained in Chapter 2.

In Figure 66 are plotted the thermal cycles registered for all the welds produced.

The figure shows that, irrespective of the tool rotational speed, the heating period, was
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longer for the galvanised base materials than for the uncoated DC steel. In the same way,
meanwhile for the tool rotational speed of 1500 rpm, the threshold temperature of 1000
°C was reached for all the base materials, for the tool rotational speed of 870 rpm, the
maximum temperature of 800 °C was not reached in the welding of the DXR10 and
DXR14 plates. This behaviour may be associated with the influence of the galvanised
zinc layer on the frictional heat generation. When welding at 870 rpm, the temperatures
reached are sufficient for melting the galvanised coating (420 °C), which starts acting as
a lubricant at the tool/base material interface, lowering the frictional heat generation.
However, when welding at 1500 rpm, the heat generated by the tool promotes
temperatures higher than the boiling point of the galvanised coating (907 °C), promoting
its expulsion from the welding zone and enabling that the threshold temperature is reached
independently of the base material.

As highlighted by the blue rectangle, plotted in Figure 66, it is also possible to
conclude that the influence of the galvanised coating on the frictional heat generation is
even more important for process cycle times lower than 10 s. In these conditions, the use
of low tool rotational speeds may be not sufficient for the melting and expulsion of the
zinc layer from the welding zone. When increasing the tool rotational speed, to 1500 rpm,
the maximum temperature attained during the 10 s cycle period will depend on the
thickness of the galvanised coating, but may attain the melting temperature of the zinc,

even for thick coatings.
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Figure 66 — Thermal cycles for the welds produced in the steels DC, DCR2.5, DXR10 and
DXR14, with the PL12 tool and a rotational speed of 870 rpm (a) and 1500rpm (b) (adapted from ““Article
B”).
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To better understand the effect of the galvanised coating on the heat generation,
numerical simulations were performed with different friction values at the tool/workpiece
interface, by ranging the consistency parameter (a(T)), from Eq. 1, between 0.5 and 500
MPa. To assess the contact conditions at the tool/workpiece interface, the sticking fraction
parameter (Eq. 4), proposed by Schmidt et al. 2003 [52] was used.

In Figure 67 is compared the evolution of the welding temperatures, obtained with
the numerical simulation (Figure 67a), for different levels of friction, with the welding
thermal cycles measured experimentally (Figure 67b) for the DC and DXR14 base
materials, i.e. the uncoated base material and the base material with the thicker galvanised
coating. The thermal cycles of Figure 67b correspond to the welds produced with a
rotational speed of 870 rpm, since according to Figure 66, it is for this rotational speed
that the galvanised coating thickness has bigger influence on the heat generation. Finally,
in Figure 67c—e are shown the velocity profiles for different friction values between the
tool and the base material.

From Figure 67, it is possible to conclude that there was a gradual increase of the
welding temperatures and of the sticking fraction when the consistency parameter was
increased from 0.5 to 500 MPa. For very low values of a(T), fully slipping contact
conditions prevailed (6 = 0) and no stirring took place at the tool-workpiece interface, as
is possible to conclude from the velocity profile shown in Figure 67c. The tool only starts
to stir material for values of a(T) higher than 30 MPa (6 = 0.1), as shown in Figure 67d.
With the gradual increase of a(T), there was an increase in the amount of material stirring
until a limit is reached at a(T) equal to 100 MPa (Figure 67¢). For a(T) > 100 MPa sticking
contact conditions prevailed (6 > 0.6) and the welding temperature becomes independent
of the friction value. The evolution of the temperature with a(T), obtained through the
numerical simulation, is similar to the welding thermal cycles for the galvanised steels,
allowing to conclude that the melting and expulsion of the galvanised coating from the
tool-workpiece interface during welding has a strong influence on the contact conditions.
More precisely, during welding, the tool axial load and centrifugal action expel the
galvanised coating from the welding region, which allow a continuous increase of the
friction at the tool workpiece interface and of the welding temperature over time.
According to Figure 67b, for the DXR14 steel, a large amount of the galvanised coating
remained trapped at the tool workpiece interface, promoting prevalent slipping conditions

(6 <0.1), during the 60 s dwelling period, lowering the frictional heat generation.
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Figure 67 — Comparison between the welding temperatures, obtained through numerical
simulation, for different levels of friction (a), with the welding thermal cycles for the DC and DXR14
welds (b), produced with the PL12 tool at 870 rpm. Velocity profiles, along the weld cross section, for

different levels of friction (c—¢) (adapted from “Article E”).
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6. Conclusions and Future Work

6.1.Conclusions

In this thesis, a thermal and mechanical analysis of the main friction stir based

mechanisms and their relation with the tool dimensions, the rotational and the traverse

speeds, the plate thicknesses and the base material properties, were studied by coupling

numerical and experimental results. Additionally, the suitability of using pinless tools in

the lap joining of thin steel plates was also analysed. The following conclusions were

reached:

Thermal Analysis

For the linear welding of aluminium alloys and the spot welding of steels it was
found that the heat generation is mainly governed by the tool dimensions, due to
its important influence on the contact area between the tool and the workpiece and
on the amount of material stirred by the tool, and by the rotational speed, due to
its important influence on the strain rates. The traverse speed and the base material
thickness are secondary parameters governing the welding temperature, since
these parameters only have influence on the heat dissipation. Independently of the
base material and process parameters used, a threshold in the heat generation was
always registered, ensuring that solid-state welding conditions always prevail.
The temperature threshold was found to be equal, for the different steels and for

the different aluminium alloys.

For the spot welding of aluminium alloys it was found that the heat generation
may be controlled by a proper selection of the pinless tool dimensions. According
to the dissertation results, for rotational speeds higher than 600 rpm, for each tool
diameter, a threshold in the welding temperatures is reached, independent of the

rotational speed and/or of the aluminium alloy being welded. The temperature
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threshold is attained for temperatures far below the melting temperature of the
alloy being welded and increase with the increase of the tool diameter.

Temperature coefficients, for spot and linear welding (Ct and Crsw), were
developed to predict the evolution of the welding temperature with the tool
dimensions, plate thicknesses, rotational and traverse speeds. The proposed model
provided accurate temperature predictions for the very large range of welding
conditions and base materials tested. The model constants were found to be
different for the different steels, but similar among the different aluminium alloys.

Mechanical analysis

The material flow during welding is determined by the base material plastic
properties and by the contact conditions at the tool/workpiece interface. The
material flow was found to be more intense for materials with low mechanical
strength and/or high strain rate sensitivity. The results also show that the base
material only rotates several times around the tool when the contact conditions are
close to full sticking. The formation of welding defects was associated with

slipping contact conditions.

The tool torque was found to decrease with the increase of the rotational speed.
On the other hand, although the increase in the tool dimensions conducts to a
higher heat generation, the increase of the stirred volume leads to an increase in
the tool torque. The traverse speed and the base material thickness were found to
be secondary parameters governing the torque, since its influence on the heat input

is exclusively related to the heat dissipation.

Torque coefficients, for spot and linear welding (Cwv and Cwm,sw), were developed
to predict the evolution of torque with the tool dimensions, plate thicknesses,
rotational and traverse speeds. The proposed model provides better predictions on

the torque evolution with process parameters, than other models developed up to
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date. The model constants were found to be equal for the different steels and

aluminium alloys tested.

Process assessment

e The lap joining mechanisms were found to be different for pin and pinless tools.
For the tools with a pin, the joining of the plates resulted from the base material
stirring/mixing, promoted by the pin. On the other hand, for the pinless tools, no
stirring across the base materials lap interface occurs and the joining of the plates
is promoted by the plastic deformation of the interface and by the atomic diffusion

at the very high pressure and temperature promoted by the tool.

e The use of pinless tools was found to be effective for the lap welding of thin steel
plates. Lap welds without defects and high mechanical strength were produced,
even for very high traverse speeds, in linear welding (up to 1000 mm/min), or

using very short process cycle times, in spot welding (5 s).

e For steel welds produced with pinless tools, the presence of a thick galvanised
coating is an important factor determining the heat generation. The galvanised
coating work as a lubricant during welding reducing the sticking fraction and the
frictional heat generation. In spot welding the presence of thick galvanised
coatings is even more important, since it as a detrimental effect on the joint
strength, especially for process cycle times lower than 10 s. For these steels, the
effect of the galvanised coating on the joint strength may be suppressed by using
very high rotational speeds and/or by adjusting the welding time according to the

coating thickness and tool diameter.

6.2.Future work suggestions

Although some progress in the understanding of the thermo-mechanical conditions
developed during the FSBT has been achieved, there are still aspects that can be further

developed and improved. The following aspects deserve further development:
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Since the slipping/sticking conditions define the tool workpiece interaction, the
evolution of the friction coefficient during stir/welding processing needs to be
assessed by using high temperature tribology. However, attending to the high
complexity of the contact conditions in FSBT, the development of specific devices
and/or procedures, for analysing the evolution of the friction coefficient at the

temperatures and strain rates envisaged by that processes, is required.

Using a thermomechanical simulator, such as the Glebble system, for example,
for physically simulating stir processes loading conditions, i.e. for performing
mechanical tests simulating at the same range of temperatures and strain rates
determined in current work, for the FSW process, in order to determine the

influence of the base material plastic properties on the Cu and Cr coefficients.

To develop online temperature and torque control systems, for the FSW process,
by performing adaptive changes in the controllable parameters through the Cr and

Cw coefficients.

Perform a further analysis of the welding mechanisms taking place when the
shoulder diameter temperature threshold is observed. To reach this goal, a larger
experimental campaign should be performed in several base materials, to verify
the welding conditions for which the shoulder diameter temperature threshold
occurs, in spot and linear welding. Numerical analysis should also be used to
simulate this physical phenomenon. However, the numerical model used in the
current work has to be improved in order to include other friction models to

simulate the friction at the tool/workpiece interface.
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Properties of lap welds in low carbon galvanised steel produced by tool assisted

friction welding.

Abstract

Linear lap welds in very thin plates of galvanized steel were produced using tool assisted
friction welding, a friction stir welding related technique. The morphological and
microstructural analysis of the welds produced with varying tool rotational speed (up to
1400 rpm), tool traverse speed (up to 1200 mm/min) and tool diameter (10 to 16 mm)
revealed the absence of stirred material or important welding defects in most of the joints.
For the welds produced with the higher tool traverse and rotational speeds, a strong
asymmetry in the weld morphology was also observed. A change in the contact conditions
between the tool and the workpiece, from sticking to slipping, is appointed as the main
factor responsible for the asymmetry in the weld morphology. The asymmetry in welds
morphology has important influence in the failure mode of the welds in lap shear test but
no influence on the joint strength. Lap shear strengths similar to base material ultimate
tensile strength were measured for most of the welds.

Keywords: Tool assisted friction welding; Friction stir welding; Galvanized steel; Lap

joining.
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Appendix A

1. Introduction

The Tool Assisted Friction Welding (TAFW) process, proposed by Mira-Aguiar et al.
(2016), is similar to Friction Stir Welding (FSW) since it is based on the same operative
principles, i.e. the use of a non-consumable tool animated by translational and rotational
movements to promote the joining of the base materials. However, in TAFW only pinless
tools are used. The use of pinless tools has the advantage of preventing tool pin
damage/wear which according to Rai et al. (2011) is one of the most important limitations
in welding steel by FSW. Cam 2011, in an extensive review on FSW of non-aluminium
alloys, also concludes that the greatest hindrance in the industrial implementation of the
FSW of steels is the development of durable and economical tools. The optimization of
the tool geometry and/or tool material is indicated as a possible solution for the problem
of obtaining durable tools.

In lap welding, the use of pinless tools enables to suppresses the base materials
stirring, which prevents the formation of typical friction stir lap welds defects, such as the
Hooking or the Cold Lap defects. According to Yadava et al. (2010) and Salari et al.
(2014), the pin length and the pin geometry, respectively, both have important influence
on the severity and morphology of those defects. Mira-Aguiar et al. (2016) and Kim et al.
(2017) had already tested the use of pinless tools in the welding of 1 mm thick DX51D
and DCO1 steels and 0.5 mm thick 430M2 ferritic stainless steel, respectively. Mira-
Aguiar et al. (2016) analysed the welding mechanisms taking place during welding and
claim that no stirring takes place, which makes the joining process different from FSW.
Kim et al. (2017) did not perform any analysis of the welding mechanisms and assume
that FSW was the joining mechanism. In both works, excellent quality welds were
obtained without Hooking and Cold Lap defects. Bakavos et al. (2011) also used pinless
flat tools in spot welding of 0.93 mm thick plates of AA 6111-T4 aluminium alloy and
Zhang et al. (2011) in dissimilar linear lap welding between 1.8 mm thick plates of pure
aluminium and low carbon steel. Again, in both works, welds absent of lap defects were
obtained in opposition to that usually reported for welds produced using conventional
FSW tools, i.e. tools with pin.

The influence of the galvanised coating on the friction stir lap weldability of the
galvanised steels, was also addressed by some previous authors. Baek et al. (2010)
analysed welds in galvanized steel produced by Friction Stir Spot Welding (FSSW) and
concluded that the galvanized layer is expelled from the centre region of the joint due to

the very high temperatures (1293 K) reached and due to the pressure and centrifugal force
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exerted by the tool. In opposition to this, Chen et al. (2008), in dissimilar friction stir
welding of aluminium to galvanized steel, claimed that the presence of the zinc layer was
the responsible for the joining of the base materials. Mira-Aguiar et al. (2016) concluded
that the zinc has an important influence on the contact conditions at the tool-workpiece
material interface, in TAFW, affecting the thermo-mechanical conditions developed
during welding. The evolution of the contact conditions in galvanised steel lap welding
will be addressed in detail in the current work, as well as the influence of the pinless tools
diameter and processing parameters on welds properties.

2. Experimental Procedure

Similar lap welds in DX51D z200 galvanized low carbon steel plates, with 1mm
thickness, were produced by TAFW. The chemical composition of the base material, from
the certificate provided by the supplier, and of the galvanized coating, determined using
SEM/EDS analysis, are shown in Table A.1. All the welds were performed in a MTS I-
STIR PDS machine, in position control, using tungsten carbide tools, with diameters
ranging from 10 to 16 mm and tilted backwards by 2°¢. The plunge depth was set to 0.5
mm in the welding machine.

The welding parameters tested are presented in Figure A.1, in which the different
tools were labelled according to the shoulder diameter, i.e. the tool with a 10 mm shoulder
diameter was labelled PL10. As is also shown in the figure, the influence of the tool
diameter, on the welding conditions, was tested using tool rotation () and traverse (V)
speeds of 1000 rpm and 600 mm/min, respectively. The analyses of the influence of the
traverse speed on the welding conditions was performed using the PL16 tool and ranging
v from 200 to 1200 mm/min, at a constant tool rotational speed of 1000 rpm. The analyses
of the influence of the tool rotational speed, on the welding conditions, was performed
using the same tool and ranging « from 600 to 1400 rpm, at a constant tool traverse speed
of 600 mm/min. The instantaneous evolution of the spindle torque was recorded and
analysed as described in Leitao et al. (2012a).

After welding, metallographic samples were extracted from the welds, transverse
to the welding direction, polished according to standard procedures, etched with 2% Nital
and observed using an optical microscope (Leica DM 4000 M LED). The strength of the
welds was assessed by performing lap shear tests using a universal tensile testing machine

(Instron 4206). As schematized in Figures A.2a and A.2b, advancing (AS) and retreating
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(RS) side lap shear specimens, respectively, were prepared and tested according to the
procedures described in Costa et al. (2015a). Digital Image Correlation (DIC) was used
for strain data acquisition. Samples preparation and strain data analysis was performed
following the procedures detailed in Leitdo et al. (2012b). Hardness measurements were
also performed, transverse to the cross-section of the welds, in the upper and lower plates,
using a Shimadzu Microhardness Tester, with 200 g load and 15 s holding time.

Table A.1 — Chemical composition of the base material and of the galvanized coating (in wt%).

Base Material Coating
Fe C Mn 0] S Si Zn Fe Al
Bal. 0.05 0.35 0.008 0.01 0.02 Bal. 15 0.3
tool Od
m PLI0 10mm
‘ oPLI2 12mm
mPLI4 14mm
mPLI6 16mm
@d
1600 +
1400 ]
1200 ]
g 1000 - [ ] ] = [ | [ ] ]
£ 800 n
8 600 - n
400 -
200 -
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0 200 400 600 800 1000 1200
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Figure A.1 — Process parameters.
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Figure A.2 — Scheme of the advancing (a) and retreating (b) lap shear samples.
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3. Results and Discussion

3.1. Morphological analysis

The cross sections of the welds produced using tools with different diameters, traverse
speeds and rotational speeds are compared in Figures A.3, A.4 and A.5, respectively. The
images in the left side of the figures correspond to photographs of the cross-sections after
chemical etching. The images in the right side of the figures were obtained by eliminating
the microstructure from the images in the left side, using an image editing software. In all
cross-section photographs, except that in Figure A.5a, it is possible to observe a process
affected zone (PAZ) with a microstructure different from that of the base material and a
dark line in the middle of the PAZ, aligned with the plates original interface. The weld
interface, represented in Figure A.6 at higher magnification, for the weld produced with
the PL16 tool at 600 rpm and 600 mm/min, shows microstructural continuity and the
absence of voids inside the dark line. As in Mira-Aguiar et al. (2016), the dark line was
found to correspond to remnants of the galvanized coating of the plates. The continuity
of the line, across the PAZ, proves that no cross-interface base material stirring took place
during welding, as in FSW. According to these authors, the joining of the plates result
from diffusion across the base materials interface, due to the very high contact pressure
of the surfaces, heated to very high temperature by the rotating tool, instead from base
materials stirring, as in FSW. The images in Figures A.3, A.4 and A.5 also indicate that
bonding of the plates was obtained for most of the welding conditions tested. The only
exception was reported for the weld performed with the tool PL16 at rotational and
traverse speeds of 1000 rpm and 1200 mm/min (Figure A.4f), respectively, for which
separation of the plates occurred when handling the samples for the metallographic
analysis. For the weld produced with the PL16 tool at 600 rpm and 600 mm/min, the
formation of cracks at the retreating side was also observed (Figure 5a).

Comparing the cross-sections on the right side of Figures A.3, A.4 and A.5, in
which the contour of the PAZ was delimited using dashed lines, it is possible to conclude
that the PAZ morphology is symmetrical relative to the weld axis for the welds performed
with the different tools using similar welding parameters (Figure A.3) and for the welds
performed with the PL16 tool and low values of tool advancing (Figures A.4a to A.4c)
and/or rotational (Figures A.5b and A.5c¢) speeds. On the other hand, a strong asymmetry
in PAZ morphology/shape, relative to the weld axis, is evident for the welds produced
with the PL16 tool and with the highest tool traverse (Figures A.4d to A.4f) and rotational

(Figures A.5d and A.5e) speeds. When increasing the traverse speed, the deepness of the
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PAZ also diminishes, becoming almost constricted to the upper plate. This is shown by

the PAZ thickness, z in Figures A.4d, A.4e and A.4f, which is equal to 1.7 mm, 1.55 mm
and 0.95 mm, respectively.

1000 rpm — 600 mm/min
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Figure A.3 — Cross sections of the welds manufactured at a constant tool rotational and traverse speeds of
1000 rpm and 600 mm/min and varying tool diameters.
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Figure A.4 — Cross sections of the welds manufactured with the PL16 tool, at a constant rotational speed
of 1000 rpm and varying traverse speeds.
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PL16 — 600 mm/min
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Figure A.5 — Cross sections of the welds manufactured with the PL16 tool, at a constant traverse speed of

600 mm/min and varying rotational speeds.
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Figure A. 6 — Bonding interface for the weld produced with the PL16 tool at 600 rpm and 600 mm/min.

Figures A.7, A.8 and A.9 show details of the microstructure at the advancing (AS)
and retreating (RS) sides of the welds in Figures A.4c, A.4e and A.5d, respectively. A
dark line was plotted, at the AS and RS of the welds, delimiting a region with a refined
microstructure (the PAZ) from a region with a coarser grain structure (the base material).
In the middle of the PAZ, a microstructure with coarser grain size than the base material
was observed for all the welds (Figures A.7c, A.8c and A.9c). The presence of a coarse

grain structure in the PAZ is contradictory to that reported by Karami et al. (2016) and
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Sekban et al. (2017) in FSW and FSP, respectively, of low carbon steels. This result is an
important evidence that the welding mechanisms taking place during TAFW are different
from those taking place during FSW/P, since no base material refinement associated with
dynamic recrystallization took place in the PAZ, as reported by the above authors. Despite
the coarser grain structure in the welds, the average hardness registered for the PAZ
material was higher than that of the base material, independently of the processing
parameters, as shown in Figure A.10. The figure also shows that the average hardness of
the PAZ was similar for all the welds, independently of the tool and process parameters
used in the production of the welds. The main differences in joint characteristics, between
the welds analysed in this work, were in PAZ morphology but not in PAZ hardness. The
images in Figures A.7, A.8 and A.9 show that the shape of the PAZ boundary at the AS
is similar for all the welds (Figures A.7d, A.8d and A.9d). However, the shape of the PAZ
boundary at the RS varies according to the welding conditions (Figures A.8a and A.9a)
showing an asymmetry in PAZ shape, between the AS and RS, for the welds produced at
the highest values of tool rotational and traverse speeds. For these welds, the PAZ at the
RS is almost restricted to a thin region near the plates surface.

According to Schmidt et al. (2003), the contact conditions at the tool-workpiece
interface, in FSW, can be described as a complex combination of sliding and sticking.
Present results show that in TAFW the contact conditions may be unsymmetrical between
the AS and RS, according to the process parameters. More precisely, the symmetry in
PAZ morphology, for the welds produced with low values of tool advancing and
rotational speeds, prove that the heat generation/distribution was homogeneous at the AS
and RS sides of the tool. For these welds, mixed sliding/sticking conditions were
prevalent across the entire tool-workpiece contact surface. The asymmetry in PAZ
morphology, for the welds produced with high values of tool advancing and rotational
speed, prove that the heat generation/distribution was not symmetrical relative to the weld
axis. The shape of the PAZ at the RS shows that sliding governed the contact conditions
in this side of the tool, where the PAZ is constricted to the upper plate surface. The shape
of the PAZ at the AS shows that contact conditions at this side of the tool were similar to

that registered for the other welds.
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Figure A.7 — Details of the microstructure at the AS and RS of the weld in Figure A.4c (1000 rpm — 600
mm/min).
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Figure A.8 - Details of the microstructure at the AS and RS of the weld in Figure A.4e (1000 rpm — 1000
mm/min).
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Figure A.9 - Details of the microstructure at the AS and RS of the weld in Figure A.5d (1200 rpm — 600

mm/min).
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Figure A.10 — Evolution of the average hardness in the PAZ with the process parameters: tool diameter

(@), traverse speed (b) and rotational speed (c).

Figure A.11 shows now the evolution of the width of the PAZ (Figure A.11a),

with the tool diameter and traverse and rotational speeds (Figures A.11b to A.11d). Itis
possible to see that the width of the PAZ increases linearly when increasing the tool
diameter and decreases linearly when increasing the tool traverse speed. This is related to
the increase in heat generation with the increase in tool diameter, and the increase in heat
dissipation with the increase in tool traverse speed. The shape of the PAZ, which becomes
constricted to the upper plate (Figures A.4e and A.4f), also reflects the increase in heat
dissipation when increasing the tool traverse speed. Analysing the evolution of the PAZ

width with the tool rotational speed (Figure A.11d) it can be concluded that it varies non-
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linearly with the tool rotational speed, increasing when the tool rotational speed was
increased from 600 to 1000 rpm, but decreasing when the tool rotational speed was further
increased to values higher than 1000 rpm. The decrease in PAZ width, for the welds
produced with high rotational speeds, is associated with the asymmetry in the shape of
the PAZ (Figures A.5d and A.5e) reported in the previous paragraph, which was attributed
to the asymmetrical contact conditions between the AS and RS of the tool.
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Figure A.11 - Evolution of the width of the PAZ (a) with the process parameters: tool diameter (b),
traverse speed (c) and rotational speed (d).

3.2 Mechanical Characterisation

The strength of the welds was evaluated by testing AS and RS loaded samples. The
analysis of the results enabled to conclude that most of the samples had lap shear strength
similar to the ultimate tensile strength (UTS) of the base material. The only exception
was reported for the weld performed with the PL16 tool at 1000 rpm and 1000 mm/min,
for which the lap shear strength of some of the samples did not exceed the yield strength
of the base material. Additionally, for most of the welds, no important differences in the
lap shear strength of the AS and RS samples were reported, as is usual in lap welds
produced by FSW (Costa et al. 2015b).

In order to illustrate the previous statements, Figures A.12 to A.13 show load-
displacement curves of some selected welds. More precisely, Figure A.12a shows the
load-displacement curve for the weld produced with the PL16 tool and rotational and
traverse speeds of 1000 rpm and 600 mm/min, respectively, together with the load-

displacement curve under tension, of a homogeneous specimen of base material, with the
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same width of the lap shear samples. The figure shows that both the AS and RS samples
of the weld had mechanical behaviour/strength similar to that of the base material. The
Mises strain deformation map, at maximum load, displayed in Figure A.12b and A.12c,
also show that both the RS and AS samples failed in the base material far from the weld.
In Figure A.12d is shown an image of the base material fracture. Since no plastic
deformation was recorded inside the PAZ, it is possible to confirm that no lap defects or
bonding discontinuities, acting as stress concentrators, were present in the weld. Similar
behaviour/strength was reported for most of the welds analysed in this work, except for
that produced with the PL16 tool and the highest values of tool rotational and traverse
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speeds, as is shown in Figures A.13 and A.14, respectively.
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Figure A.12 — Load-displacement curves (a), strain maps (b-c) and fractured sample (d) for the weld
produced with the PL16 tool at 600 mm/min and 1000 rpm.
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Figure A.13 — Load-displacement curves (a) and fractured sample (b) for the weld produced with the
PL16 tool at 1000 mm/min and 1000 rpm.
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Figure A.14 — Load-displacement curves (a), strain maps (b-c) and fractured sample (d) for the weld
produced with the PL16 tool at 600 mm/min and 1400 rpm.

The load-displacement curves in Figure A.13a show that some of the samples of
the weld made with a traverse speed of 1000 mm/min had rupture for load values in the
range of the yield strength of the base material (red curves in the graph). These samples
failed by separation of the plates, at the bonding interface, as show in Figure A.13b. The
important differences in strength/behaviour reported for the AS and for the RS samples
of this weld, show that the quality of the bonding was not uniform along the weld length.
In the same way, a non-uniform behaviour in lap shear testing was reported for the weld
manufactured with the PL16 tool and the highest rotational speed (1400 rpm), as is shown
in Figure A.14. For this weld, despite all the samples had strength similar to the UTS of
the base material (Figure A.14a), the failure modes were different for the AS and for the
RS samples. As is shown by the Mises strain deformation maps in Figures A.14b and
A.14c, while the AS samples failed in the base material, with no plastic deformation in
the weld, the RS samples had failure in the top plate, inside the PAZ (Figures A.14c and
14d). This mode of failure is associated with the asymmetrical morphology of the joint.

The lap shear testing results show that despite all the welds analysed displayed
excellent strength, the loading/failure behaviour was not uniform for the welds with
strong asymmetry in PAZ morphology. In the next section, the contact conditions
associated with the unsymmetrical welds properties are discussed based on process

parameters and torque sensitivity analysis.

143



Appendix A

3.3. Contact conditions in TAFW

In order to better understand the strong asymmetry in morphology between the AS and
RS of the welds produced at highest values of traverse and rotational speeds, an analysis
of the process parameters was made. Figure A.15 shows a schematic view of the linear
velocities of points in the outer radius of the shoulder, at the advancing (point A) and
retreating (point B) sides of the tool. The diagram shows that the direction of rotation is
the same as that of the linear translation of the tool, at the AS, and opposite at the RS. So
the linear velocities associated with the advancing (vy) and rotational (v,) movements of
the tool have the same direction in Point A and the opposite direction in Point B. This
way, the difference V between the linear advancing and the rotational speeds (vy - Vo) IS
higher at the RS than at the AS (Vg > Va).

Al Retreating side

V—m><2
AT g T T

Figure A.15 — Schematic view of the tool, showing the linear velocities of points in the outer radius of
the shoulder, at the advancing (point A) and retreating (point B) sides.

Figures A.16a and A.16b shows the evolution of Vg with the different traverse and
rotational speeds, respectively. It is possible to see that Vg increases when increasing v
and ®. In both graphs, the points marked in red identify the welds where an asymmetry

in morphology, between the AS and the RS was observed, showing that this phenomenon
occurred when Vg > 1600 mm/s.
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Figure A.16 — Evolution of Vg with the traverse speed (a) and rotational speed (b).
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A torque sensitivity analysis was also performed, as made by Leitéo et al. 2012a
in FSW of aluminium alloys. Figure A.17 shows the evolution of the average weld torque
with the process parameters (v/®) for the welds produced with the PL16 tool. Analysing
the figure, it is possible to observe two different trends in the torque evolution for the
welds produced with Vg lower (black points) and higher (red points) than 1600 mm/s.
The torque tends to stabilise when decreasing v/w, for the welds produced with Vg < 1600
mm/s. For the welds produced with Vg > 1600 mm/s, the torque tends to stabilise when
increasing v/®. Since no significant base materials stirring takes place during TAFW, as
in FSW, the differences in torque evolution for the welds performed with Vg higher and
lower than 1600 mm/s have to be related with the differences in tool-workpiece contact
under the different welding conditions.

The differences in contact conditions, between the AS and RS of the tool, for the
welds performed with Vg > 1600 mm/s, were already addressed when analysing the
asymmetries in the morphology of the welds in Figures A.4d to A.4f and Figures A.5d
and A.5e. It was concluded that the asymmetry in welds morphology resulted from the
prevalence of sliding contact conditions at the RS of the tool during welding. The torque
evolution in Figure 17 is another evidence of the prevalence of sliding contact conditions
when Vg > 1600 mm/s. More precisely, when increasing the weld pitch, the distance
travelled by the tool in each revolution increases, sliding contact conditions become more
favourable (independently of Vg) and the torque tends to stabilize. This assumption is
supported by the fact that the average torque for the weld performed at 600 mm/min and
600 rpm (white point), produced with Vg < 1600 mm/s, follows the red line trend. As can
be observed in Figure A.5a, this weld has cross-section features characteristic of unstable
contact at the tool-workpiece material interface during welding.

When welding with Vg < 1600 mm/s the torque decreases when decreasing the
weld pitch, as observed by other authors in FSW of aluminium (Leitdo et al. 2012a) and
aluminium-copper (Galvéo et al. 2012) alloys. In this situation, the distance travelled by
the tool in each revolution decreases and the conditions for sliding/sticking contact
become more favourable. The parameter Vg, in this case, does not enforce sliding contact
conditions at the RS of the weld. The evolution of the contact conditions with the process
parameters is governed by the same mechanism operating in FSW (Arora et al. 2009),

and the torque evolution follows the same trends as in FSW.
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Figure A.17 - Evolution of average torque values with the weld pitch (v/®).

4. Conclusions

e |t is possible to produce steel lap welds with joint strength similar to the UTS of
the base material using TAFW.

e The morphology of the welds evolves with the traverse and rotational speeds of
the tool, becoming asymmetrical between the AS and the RS for critical
combinations of rotational and traverse speeds (Vg > 1600 mm/s).

e The asymmetry in welds morphology determines the mode of failure of the joints
but has small influence on the joints strength in monotonic loading.

e No hooking or cold lap defects were observed for any of the lap welds produced
by TAFW.
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Influence of base material characteristics and process parameters on frictional heat

generation during Friction Stir Spot Welding of steels.

Abstract

Frictional heat generation, in Friction Stir Spot Welding of steels, was assessed by
producing welds with pinless tools. In order to analyse the influence of base material
characteristics on heat generation, spot welds were produced, using varied process
parameters, in DC01, DX51D and HC420 LA steel sheets (1 mm thick). Uncoated and
coated sheets, with galvanised films of different thicknesses, were tested in order to assess
the influence of surface properties on heat generation. The welding thermal cycles were
measured using thermography and hardness measurements were done to evaluate the
influence of the maximum temperature, maintenance time and cooling rates on welds
properties. It was found that the main factors influencing the frictional heat generation
are, by order of importance, the tool diameter, the tool rotation speed and the presence of
low melting point coatings. Differences in frictional heat generation, for the different base
materials, were only registered when welding with a 10 mm diameter tool. The analysis
of the average welds hardness enabled to conclude that the hardness increase in the weld
region, relative to the base material, is determined by the maximum temperature reached
during welding and by the grain size of the base material.

Keywords: FSSW; Heat generation; Thermal cycle; Process parameters; Steel
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Appendix B

1. Introduction

In welding engineering, it is well known that the maximum temperatures reached during
welding, as well as the heating and cooling rates associated with it, influence the final
microstructure and mechanical properties of steel welds. This is true in both fusion and
solid state welding. However, meanwhile in fusion welding the maximum temperatures
are always above the melting temperature of the base materials, in solid state welding the
maximum temperatures reached are always below the melting temperature and may be
controlled by an accurate selection of process parameters. In Friction Stir Welding (FSW)
and Friction Stir Spot Welding (FSSW), it is expected that the maximum temperatures
reached during welding are determined by the tool geometry, the welding parameters and
the base materials properties/characteristics.

In Figure B.1 are listed the experimental works that have reported temperature
measurements in FSW and FSSW of carbon steels. Analysing the figure, it is possible to
conclude that the maximum temperature registered in the different studies on FSW and
FSSW of steels were in the range of 400 to 1300, which confirms the previous assumption
that the maximum temperatures in stir welding vary according to the process parameters.
According to Cui et al. [1] and Santella et al. [2], who analyse the thermal cycles in FSW
of S70C and FSSW of DP780 steels, respectively, increasing the tool rotation speed
increases the maximum temperatures reached during welding. According to Fujii et al.
[3], who analysed the influence of the welding speed on thermal cycles in FSW of IF (0%
C), S12C (0,12% C) and S35C (0,34% C) steels, and Imam et al. [4], who performed the
same type of analysis in FSW of S45C steel, the maximum temperatures registered during
welding decreases as the welding speed increases. Comparing the different studies, it is
also possible to conclude that maximum temperatures above 1100 °C were only registered
by Lienert et al. [5] and Stringham et al. [6], who used very large shoulder diameter tools
(Ds > 19 mm).

Finally, Santella et al. [2], who performed FSW of galvanised steels, observed that
the presence of a galvanised coating in steel sheets reduced the welding temperatures, up
to 110 °C, when compared to uncoated welds produced under the same welding
conditions. Baek et al. [7], Mazzaferro et al. [8] and Mira-Aguiar et al. [9], who also
analysed galvanised steel welds, concluded, based on metallographic analysis, that the
galvanised coating melted during the welding process, working as a lubricant at the tool-
plates interface, which prevented base materials stirring and lowered the welding

temperatures.
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In current work, the influence of tool diameter, rotational speed and base material
properties, on frictional heat generation during Friction Stir Spot Welding of steels, was
analysed by measuring the welding thermal cycles in spot welding of a varied range of
base materials. In order to evaluate the frictional heat generation, a pinless tool was used,
which according to Mira-Aguiar et al. [9] and Andrade et al.[10,11], enables to suppress

base materials stirring during welding.

Lienertet al. [5] Cuietal. [1] Stringham et al. [6]
BM: AlSI 1018 BM: S70C Sun etal. [15] BM: HSLA-65
Ds =19 mm Ds =12 mm BM: S12C Ds =36.8 mm
® =650 rpm = 200-800 rpm Ds = 12 mm = 350-550 rpm
v = 25.2 mm/min v =400 mm/min = 800 rpm v = 72-264 mm/min
Timax = 1100 °C Tmax = 600-900 °C Tinax = 700 °C Tnax = 825-1327 °C
2003 2006 2007 2010 2014 2015 2018
Fujii et al. [3] Baek et al. [7] Imam et al. [4] |
BM: IF, S12C, S35C BM: Galvanised steel BM: §45C
Ds =12 mm Ds =13.5mm @ =400 rpm
=400 rpm w = 1600 rpm v = 100-500 mm/min
v = 100-400 mm/min Tnax = 1020 °C Tinax = 527-825°C
Tnax = 643-873 °C Santellaetal. [2]
BM: DP780
Ds =9.5mm
@ = 800-1600 rpm = FSW
Thax = 410-683 °C = ESSW

Figure B.1 — Experimental works that have reported temperatures measurements in FSW and FSSW of
carbon steels.

2. Experimental Procedure
In current work, spot welds, in 1 mm thick steel plates of several steels, were produced
using pinless tools. In Table B.1 are identified the different base materials together with
some properties considered of interest in current work, more precisely: the carbon content
(Ceq), the hardness (HVo.), the ultimate tensile strength (omax), the galvanised coating
thickness (CT) and the average grain size (GS). The carbon content of the different alloys
was evaluated using the IIW carbon equivalent equation [12]. As shown in the table, two
DC steels (DC and DC-R2.5), two DX51D steels (DX51D-R10 and DX51D-R14) and a
high strength steel (HC420) were used in the investigation. The DC-R2.5, DX-R10 and
DX-R14 plates had 2.5, 10 and 14 um thick galvanised coatings, respectively. The DC
and HC420 plates were uncoated.

The experimental setup used for producing the spot welds, in 80x80 mm sheets,

is schematized in Figure B.2a. The welds were produced in a three-step operation: (1)
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The plunging period, during which the tool moved vertically until the desired plunging
depth (0.5 mm) was reached; (2) The dwell period (60s), during which the rotating tool
remained in contact with the upper plate surface, heating the base materials; (3) The
drawing-out period, which corresponded to the removal of the tool. During the welding
process, the temperatures at the outer interface, between the tool and the workpiece, were
measured using a thermographic camera (Figure B.2b). As can be seen in Figure B.2c,
only tungsten carbide pinless tools with flat shoulder were used in the investigation. In
the text, the tools with a shoulder diameter of 10 mm, 12 mm and 16 mm will be labelled
as PL10, PL12 and PL16, respectively. The welds were produced, in position control,

using a Cincinnati universal milling machine.

Table B.1 —Base materials and their properties: carbon content (Ceq), hardness (HVo.2), ultimate tensile
strength (omax), galvanised coating thickness (CT) and average grain size (GS).

Material Nomenclature Ceq [%0] HVo2 | omax[MPa] | CT [pum] | GS [um]
DCO01 DC 0.13 105 452 0 7.1
DCO01-ZE25/25 DC-R2.5 0.13 106 461 2.5 9.3
DX51D-Z140 DX-R10 0.11 108 461 10 7.4
DX51D-Z200 DX-R14 0.19 127 483 14 5.9
HC 420 LA HC420 0.37 183 670 0 3.3
thermographic
camera
tool @
clamping 50
\“\\\ b) <!
Qlil@ =
80 mm a)
PL10 Hardness
measurements
Process
@10 affected zone

c) d)

Figure B.2 — Experimental procedure: assembly used for the production of the spot welds (a);
thermographic analysis (b), tools geometry (c) and hardness measurements scheme (d).

The welding parameters tested, shown in Figure B.3, were chosen in order to

enable performing a sensitivity analysis on the influence of base materials characteristics,
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tool geometry and process parameters on heat generation, i.e. different rotational speeds
and tools were used to weld steels with different mechanical properties and surface
conditions. The tool penetration depth and the dwell time were selected, not to reproduce
industrial welding conditions, but for enabling capturing the differences in heat
generation and thermal cycles between the different welding conditions.

After welding, metallographic samples were removed from the welds, polished
according to standard procedures, etched with 2% Nital and observed using an optical
microscope (Leica DM 4000 M LED). The hardness of the welds was assessed by
averaging the results of hardness measurements performed transverse to the cross section,
in the upper sheet, as schematized in Figure B.2d. Hardness measurements were done

using a Shimadzu microhardness tester, with 200 g load and 15 s holding time.

Matoria Tool PL10 PL12 PL16
HC420 |~ 870:1500 rpm 87011401500 rpm  870;1500 rpm "
DC L 870;1500 rpm _ _!870;1140;1500 1pm; _ _870;1500 rpm_! '
pcR25 | - '8_75 1140;1500 rpm ._ T
DX-R10 - | ' 870;1140;1500 rpm| -
DX-R14 - | ' 870;1140;1500 rpm -

Sensitivity analysis on rotational speed and tool geometry
H Sensitivity analysis on base material strength
Sensitivity analysis on surface conditions

Figure B.3 — Process parameters.

3. Results and Discussion

3.1. Morphological and thermal analysis

The metallographic analysis enabled to conclude that all the welds produced had similar
morphology, characterised by a bowl shape process affected zone encompassing both lap
plates thickness. This morphology is exemplified in Figure B.4, where is shown a cross
section of a DC weld produced with the PL12 tool with a rotational speed of 1140 rpm.
The image enables to observe that no cross-interface base material stirring took place
during welding, since a straight dark line marked by arrows in Figure B.4 may still be

observed in the same position of the original plates interface. The absence of intense base
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material stirring is also indicative that frictional heat generation was the main mechanism

governing the welding induced thermal cycles.

5mm

Figure B.4 — Morphology of the weld cross-section, produced in DC steel with the PL12 tool with a
rotational speed of 1140 rpm.

In Figure B.5 is shown a thermal cycle for the weld in Figure B.4. The thermal
cycle enables to identify three main welding stages: a heating period (tn), during which
the temperature rises, a steady state period (tss), during which the temperature remains
almost constant, and a cooling period (tc), during which the temperature decreases, after
welding. In Figure B.5 is also represented the instantaneous derivative of the temperature
(dT/dt), used in current work to determine the duration of the three different stages. The
instantaneous derivative corresponds to the instantaneous heating rate, when displays
positive values, and to the instantaneous cooling rate, when reaching negative values. In
order to determine the length of the steady state period, at the maximum temperature, it
was assumed that the heating period ends when 0 < dT/dt < 4 °C/s. Once the duration of
the steady state period was set, the maximum temperature reached during welding (Tmax)
was determined by calculating the average of the temperatures recorded during that
period. The cooling rate (V) was determined by calculating the cooling time from 800 to
500 °C (Atgss).

3.1.1. Welding of uncoated based materials

In Figure B.6 are shown the thermal cycles acquired in the welding of the DC01 and
HC420 steels, with different rotational speeds and tool diameters. In each figure is plotted
a rectangle, in blue, highlighting the evolution of temperature in the first 10s of the
welding operation, which corresponds to the average duration of the process cycle time
in a large number of studies on FSSW of steels [2,13,14,15]. In Figure B.7 are plotted the
maximum temperatures determined from the thermal cycles in Figure B.6, using the

procedure explained in Figure B.5.
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Figure B.5 — Weld thermal cycle, represented by a blue line, and instantaneous temperature derivative in
order of time (dT/dt), represented by a black line, for the weld produced in DC steel with the PL12 tool
and a rotational speed of 1140 rpm.

Analysing Figures B.6 and B.7 it is possible to conclude that there was an
important influence of the tool diameter on heat generation during welding. Figure B.7
shows that not only different maximum temperature ranges were registered for the
different tools, but also that the evolution of Tmax With the base material and tool rotation
speed varied according to the tool diameter. More precisely, for the PL16 tool, no
important differences in Tmax Were registered, independently of the base material and tool
rotation speed, indicating that a threshold in heat generation was attained. The
invariability in the maximum temperature registered for this tool, which was in the range
of 1100 °C, indicates that the tool diameter was the main factor governing heat generation.

For the PL12 tool, the maximum temperatures were all lower than those registered
for the PL16 tool. Despite similar temperatures were registered for the two base materials,
an increase in Tmax Was registered when increasing the tool rotation speed, indicating that
the tool diameter was no more the only factor governing the heat generation. For this tool
diameter, a maximum threshold temperature was registered for each tool rotation speed,
independently of the base material. The maximum temperatures increased with the

rotational speed, stabilising in a value near to 1000 °C, when the rotational speed was
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increased to values higher than 1000 rpm, which is the maximum threshold temperature
for the PL12 tool.

a) PL10

1000 -
.g 800 i
— 600 17|/
400 H-4_ = 1500 rpm
1 = 870 rpm
0 T T T T T T T T
0 20 40 60 80 100
Time [s]
c) PL16
1200 71—
1000 -
__ 800 -
£, 600 -
|_
400 -
200 - =—1500 rpm
. =870 rpm
0 T T T T T T T T
0 20 40 60 80 100
Time [s]
=== DC — HC420

Figure B.6 — Evolution of the acquired thermal cycles with the rotational speed and with the tool
diameter, for the DC and HC420 steels.
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Figure B.7 — Evolution of Tmax With the rotational speed and with the tool diameter, for the DC and
HC420 steels.

Finally, for the PL10 tool, contrary to that registered for the PL16 and PL12 tools,
the maximum temperatures were different for the two base materials and rotational
speeds, indicating that heat generation had an important influence from the base material
properties and tool rotation speeds. In fact, despite Tmax increased when the tool rotation
speed was increased, for a same rotational speed, Tmax Was higher for the higher strength
base material. The figure also enables to observe that, the differences in Tmax, between the
two base materials diminished for the higher tool rotation speed, and also, that the
increase in Tmax With the tool rotation speed, was much narrower for the HC420 steel, for
which the highest temperatures were registered. This evolution in maximum temperatures
enables to conclude that a maximum threshold temperature, of around 950 °C, may also
be associated with the PL10 tool.

Figure B.6 also shows that for the welding operations conducted with the PL12
and PL16 tools, no important differences in temperature evolution were registered for the
first 10s of the welding operation. The only exceptions correspond to the welding of the
DC and HC420 steels at 1440 and 1500 rpm, respectively, which resulted from the use of
slower plunging speeds. These thermal cycles were included in the figure to prove that
the maximum threshold temperatures registered for the PL12 and PL16 tools were
independent of the heating history.

Contrary to that reported for the PL16 and PL12 tools, the temperature evolution
in the first 10s, for the PL10 tool, varied according to the base material and tool rotational
speed. Additionally, these results indicate that, for the very short process cycle times
required in industrial production, the maximum temperatures attained during welding

may be independent of base material and tool rotation speeds, when welding with large
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diameter tools, but may be controlled to low values, by a proper choice of the tool rotation
speed, when small tool diameters are used.

3.1.2. Welding of galvanised based materials

The analysis of the influence of the galvanised coating on heat generation during welding
was made by performing spot welds with the PL12 tool. According to Figure B.6, when
welding with this tool, the maximum temperatures attained during welding did not varied
when changing the base material, but increased non-linearly with the tool rotation speed,
reaching a threshold near 1000 °C. In Figure B.8 is shown the evolution of Tmax With the
tool rotation speed, for the DC, DC-R2.5, DX-R10 and DX-R14 welds. From the graphic,
in which Tmax is plotted against the coating thickness, it is possible to conclude that, for
each base material, Tmax increased with the tool rotation speed until the threshold
temperature of 1000 °C was reached. However, it is also possible to observe, that for tool
rotation speeds lower than 1500 rpm Tmax decreased when the galvanised plates were
welded. Meanwhile for the DC-R2.5 steel, with the smallest coating thickness of 2.5 um,
the maximum temperatures were very close to that of the non-galvanised DC steel, for
the DX-R10 and DX-R14 steels, with 10 and 14 pm thick coatings, the decrease in

maximum temperature, relative to the DC steel, was of the range of 100 °C.

1200
1100 1500 rpm
1 ~ | 1500 rpm temperature Threshold
1000 Ef—=rmmn] N
= -{- ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1140 rpm temperature Threshold_
© 900 e
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= T
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Figure B.8 — Evolution of Trax with the galvanised coating thickness for the welds produced in the steels
DC, DC-R2.5, DX-R10 and DX-R14, with the PL12 tool and a rotational speed of 870 rpm and 1500rpm.

In Figure B.9 are plotted the thermal cycles registered during the welding of the
base materials in Figure B.8, with the rotational speeds of 870 and 1500 rpm. The figure
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shows that, irrespectively of the tool rotation speed, the heating period (before Tmax Was
reached), was longer for the galvanised base materials than for the uncoated DC steel. In
the same way, meanwhile for the tool rotation speed of 1500 rpm, the threshold
temperature of 1000 °C was reached for all the base materials, for the tool rotation speed
of 870 rpm, the maximum temperature threshold of 800 °C was not reached in the welding
of the DX-R10 and DX-R14 plates. This behaviour may be associated with the influence
of the galvanised zinc layer on frictional heat generation. When welding at 870 rpm, the
temperatures reached are sufficient for melting the galvanised coating (420 °C), which
starts acting as a lubricant at the tool/base material interface, lowering the frictional heat
generation. However, when welding at 1500 rpm, the heat generated by the tool promotes
temperatures higher than the boiling point of the galvanised coating (907 °C), promoting
its expulsion from the welding zone and enabling that the threshold temperature is reached
independently of the base material.

Figure B.9 also shows that the influence of the galvanised coating on the frictional
heat generation is even more important for process cycle times lower than 10s. In these
conditions, the use of low tool rotation speeds may be not sufficient for the melting and
expulsion of the zinc layer from the welding zone. When increasing the tool rotation
speeds, to 1500 rpm, the maximum temperature attained during the 10s cycle period will
depend on the thickness of the galvanised coating, but may attain the melting temperature

of the zinc, even for thick coatings.

3.2. Influence of thermal cycles on welds properties

In order to analyse the influence of the thermal cycles on welds properties, hardness
measurements were performed, enabling to conclude that, irrespective of the welding
conditions, the hardness of the base materials was always increased in the welding zone.
This increase in hardness was quantified using the ratio RHV between the average
hardness of the welds (HV"¢'%) and the base material hardness (HV®™), calculated as
follows:

HVweld

W . (B-l)

RHV =
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Figure B.9 — Thermal cycles for the welds produced in the steels DC, DC-R2.5, DX-R10 and DX-R14,
with the PL12 tool and a rotational speed of 870 rpm (a) and 1500rpm (b).

From Figure B.10, where is plotted the hardness ratio against the carbon
equivalent of the base materials, it is possible to conclude that the hardness increase was
highest for the base materials with the lower carbon equivalent, which is in contradiction
with the common assumption that the hardness increase is higher for steels with higher
alloy strength [16]. However, according to Nelson & Rose [16] and Wei & Nelson [17],
the microstructure and mechanical properties of friction stir welds in steel are correlated
with the heat input and the cooling rates during welding. Therefore, an analysis on the
influence of the thermal cycles on hardness increase was performed. In Figure B.11 is
plotted the evolution of the ratio RVH against Tmax (Figure B.11a), the cooling rate (Figure
B.11b) and the steady state period at high temperatures (Figure B.11c). Analysing the
figure, it is possible to conclude that there is a very poor correlation between the hardness

increase and the thermal parameter analysed in each graph (R? < 0.1 in all graphs).
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Figure B.10 — Evolution of RHV as a function of the base material carbon equivalent for all base
materials and welding conditions.
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Figure B.11 — Evolution of RHV with Tnax, V. and tss for all base materials and welding conditions.

So, a new parameter to predict the hardenability of the different steel alloys,

calculated by multiplying Tmax by the base material grain size (Tmaxxpum), was tested. This

parameter was developed after Brooks [18] and Bodnar & Hansen [19], according to

whom the hardness increase in steel welds is related to the maximum temperatures

reached during welding and to the austenitic grain size, Analysing Figure B.12, where is

plotted the evolution of RHV as a function of Tmax*pm, it is possible to conclude that,

unlike the trends in Figure B.11, there is a strong relationship between RHV and Tmaxxpum
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(R? = 0.79). These results indicate that the microstructural embrittlement in steel spot
welding may be controlled, or even suppressed, by an appropriate choice of the tool

diameter and tool rotation speed, which are the main parameters in determining Tmax.
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Figure B.12 — Evolution of RHV with the Tmax<pm for all base materials and welding conditions.

4. Conclusions
In the present work, the influence of the process parameters and of the base material
properties in the thermo-mechanical conditions developed during FSSW was analysed.

The following conclusions were reached:

e The tool diameter is an important factor determining the maximum
temperatures reached during FSSW. For each tool diameter, there is a
threshold in the maximum temperature that can be reached during welding.
The threshold temperature increases with the tool diameter.

e Meanwhile, for large tool diameters, the maximum welding temperature may
be constant and independent of the base material and tool rotation speed, for
small tool diameters, the maximum welding temperature varies according to
the base material and tool rotation speed.

e For small tool diameters, the presence of a thick galvanised coating may be
also an important factor determining the heat generation during welding. For
rapid process cycle times (< 10s), the presence of thick galvanised coatings
may obstruct the bonding process.

e In FSSW, the hardness increase in the welds, relative to the base material, is

governed by the maximum temperatures reached during the welding and by
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the initial base material grain size. Nor the cooling rate, nor the time at high

temperature, have strong influence on the final weld hardness.
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Modelling torque and temperature in Friction Stir Welding of Aluminium Alloys

Abstract

An analysis of the evolution of the torque and of the temperature with welding conditions,
in Friction Stir Welding (FSW) of aluminium alloys, was conducted. More precisely,
torque and temperature results from a large number of publications, on FSW of AA2xxXx,
AA5xxx, AABxxx and AA7xxx aluminium alloys series, were collected. The literature
data was complemented with results from a fully coupled thermo-mechanical analysis of
the FSW welding process. Coupling the experimental data, from the literature, with
numerical simulation results, the individual influence of the main process parameters,
tools and plates characteristics, on the torque and on the temperatures in FSW was
assessed. It was found that the tool rotational speed govern the heat generation, while the
tool dimensions have a very important influence, not only on the heat generation but also
on the volume of material being stirred during welding, which is another important factor
determining the welding torque. The traverse speed and the base material thickness were
also found to be important factors governing the torque during welding. However, the
influence of the traverse speed on torque evolution is conditioned by the tool dimensions.
A parametric analysis enabling to understand the relation between process parameters,
heat generation, heat dissipation and base material stirring, was conducted. Analytical

relations, which enable calculating the torque and the temperature, in FSW of aluminium
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alloys, were developed based on numerical results and tested using the data from the
literature review.

Keywords: FSW; Torque; Temperature; Modelling.

1. Introduction
The proper application of the Friction Stir Welding (FSW) technique requires the
identification of the primary process parameters, i.e. those controlling the heat generation
and dissipation, as well as the amount of material flow during welding. Nowadays, since
no model relating FSW parameters, machine output data, heat generation and base
material stirring during welding is available, any new process application needs to be
planned based on trial and error experiments, which according to Magalhdes et al. [1] is
an important drawback in FSW industrialisation. The development of process control
strategies, enabling online quality control, is another critical issue in assisting FSW
industrialisation.

Several works analysed the viability of using the tool torque as a process response
to the thermo-mechanical conditions developed during FSW. Longhurst et al. [2]
proposed the use of the torque, instead of force, as a process control parameter. According
to the authors, the control of the torque allows to produce welds without defects and adapt
the weld process to the changes in the surface conditions of the workpiece. Bachmann et
al. [3] developed a temperature control system based on an analytical torque model. The
authors observed that the welds produced with this control system displayed higher
quality and higher homogeneity along the weld length. Leitdo et al. [4], in FSW of 5xxx
and 6xxx aluminium alloys, also found that when welds without defects were produced,
the torque registered during welding could be related to the process parameters, following
a well defined empirical relationship. However, when using process parameters
conducting to the production of welds with defects, no clear relationship could be
established between torque evolution and process parameters, since the torque results
were almost aleatory. In the same way, Galvao et al. [5], in dissimilar friction stir welding
of aluminium and copper, registered that analysing the torque evolution during welding
it is possible to determine the formation of defects resulting from the realising of
important quantities of intermetallics from under the tool. Kumar et al. [6] also related
the variation of the torque during welding with the formation of surface defects. From all
these works, it is possible to conclude that understanding and modelling the influence of

process parameters on torque can be an important instrument, not only in selecting

166



Appendix C

process parameters for different applications, but also in controlling the process itself and
detecting the formation of welding defects. Other works have also shown the importance
of controlling the torque in different production processes such as friction welding [7],
rolling [8-10], machining [11,12], among others.

Khandkar et al. [13] and Schmidt et al. [14] proposed the following model

C1l
M = Mshoulder + Mpin surface + Mpin bottom ( )

Ts T'p
M = f (rv)2nrdr + (r,7)2n7,p; + j (r7)2mrdr (C.2)
T 0

p

to predict the torque (M), taking into account the individual contribution of the different
tool components and base material properties on the torque values. In the above equations,
r is the radial distance from the centre of rotation to the outer edge of the tool shoulder,
rs and r, are the tool shoulder and pin radius, pi is the pin length and z is the shear stress
at the tool-base material interface. According to Schmidt et al. [14], the shear stress,
which varies according to the contact conditions, i.e. the occurrence of slipping or sticking

contact, can be estimated using the equation

C.3
T=(1- S)Tplastic + 5Tfricl:ion €3

where ¢ is the slipping fraction, zpiastic IS the shear stress due to the sticking contact and
Tiriction 1S the shear stress due to the slipping contact. The shear associated with the sticking
contact is estimated based on the yield stress of the base material (oy), using the von Mises
yield criterion:
Toasiie = -2 (C4)
plastic = 7=
The shear stress associated to the slipping contact is estimated using the Coulomb’s

friction law,

Tfriciton = llfP (.5)

where P is the contact pressure and s is the friction coefficient between the tool and the
workpiece. The previous model requires the knowledge of the slipping fraction and of the
friction coefficient, under the thermo-mechanical conditions imposed by the FSW
process, which are very difficult to determine. Those uncertainties lead to the

development of other analytical models, relating the torque with process parameters.
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Colegrove and Shercliff [15] proposed a model that includes the effect of the

traverse (v) and rotational (w) speeds on the torque, which is given by the equation,

a

M=K (C6)
w

where S, a and K are constants. If both « and £ are equal to 1, the previous model displays
a linear relation between the torque with the welding heat input. Arbegast and Hartley
[16] have used this heat index to represent the welding temperature evolution, where o
and S were taken has 1 and 2, respectively. However, none of the previous models take
explicitly into account the influence of the tool geometry and/or the plate thickness, i.e.
the amount of material dragged by the tool, on the torque registered during welding.
However, in Colegrove and Shercliff [15] it may be assumed that the influence of those
parameters on the torque evolution may be taken into account through the constant K.

It is also important to enhance that the Colegrove and Shercliff [15] model can
only predict the evolution of the torque with the process parameters if the values of w and
v are kept inside a certain range. For instance, when w is close to 0, M values become too
high, and for high values of w, M becomes 0. Based on this model limitation, Cui et al.

[17] developed an alternative model:
M = M, + Mpe™ (€7)

In the previous equations, Mo is the minimum torque value for the different traverse
speeds, n is a decay parameter and Mg is a pre-exponential parameter. According to this
model, the maximum torque value (Mmax), that occurs when w is close to 0, do not vary
with the rotational and traverse speeds, being determined by the alloy strength at room
temperature.

Pew et al. [18] also reported a strong relation between the welding temperature
and the welding power, obtained by multiplying the torque by the tool rotational speed.
Tello et al. [19] even developed an analytical model correlating the torque with the
welding temperature, given by the equation

o= 2mkAT,, s
nwkj
where K is the thermal conductivity of the base material, 7 is the efficiency of the process,
Ko is the modified Bessel function of the second kind and 0 order and 47 is the difference
between the temperature at the shear layer interface and the initial temperature of the base

material.
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In the present work, experimental values of torque and welding temperatures were
collected, for a very large range of experimental conditions, by performing a literature
review. The influence of the different FSW process parameters, as well as of the plates
thicknesses and tool dimensions, on the torque evolution, was also analysed using
numerical simulation. This study allowed to expand the Colegrove and Shercliff [15]
model, by adding a larger number of process variables to the equation. In the proposed
model, the influence of the tool dimensions, rotational speed, traverse speed and base
material thickness, on the stirring volume, welding heat input and torque are taken into
account. The analytical equations developed for calculating the torque and welding
temperatures in aluminium alloys, were fitted successfully to the very large range of

welding conditions obtained from the literature.

2. Experimental data

In order to analyse the influence of the process parameters on the FSW torque and
temperature, a literature review was performed and a database containing data from more
than 300 different friction stir welding tests, in AA2xxx, AA5xxX, AABxxx and AA7TXXX
aluminium alloys, in lap and butt joint configurations, was created. The references used
to collect the data are presented in Table C.1. The database generated contains not only
the tool torque and the maximum welding temperatures (T) registered by the different
authors, but also the process parameters, i.e. the rotational and traverse speeds, the pin
diameter (Dy), the pin length (pi) and the shoulder diameter (Ds) used in each work.

In Figures C.1a and C.1b it is represented the range of torque and maximum
temperature values obtained from the different authors. It should be noted that the
temperature measurement position and/or technique varied according to the different
works, which may have important influence on the range of results collected. Analysing
these figures, in which the results are grouped according to the base material tested, it is
possible to conclude that a larger amount of results were available for the AA5xxx and
AAG6xxx aluminium alloys, since these alloys series are the most common base materials
studied in FSW.

In order to take into account the influence of the tool dimensions on the welding

outputs, a geometry parameter (G) was developed

I

T 2
G =7 Df +mDyp; + Z(Ds -D,), (C.9)
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which corresponds to the contact area between the tool and the workpiece, as in Khandkar
et al. [13] and Schmidt et al. [14]. For complex pin or shoulder geometries, G was
calculated assuming an equivalent cylindrical geometry to determine Dy,. Analysing the
G parameters corresponding to all the tools used by the different authors, which are
represented in Figure C.1c, it is possible to conclude that a large range of tool dimensions
was tested. More precisely, among the different works, Dy, pi and Ds varied in the range
of 3t0 16 mm, 1 to 12.5 mm and 10 to 35 mm, respectively. Due to the large variety of
process parameters and tool dimensions considered in the database, the values registered
for M varied in the range of 6 to 320 Nm.

Table C.1 — Experimental works used to construct the database.

AA 2XxX

AA 5XXX

AA BXXX

AA TXXX

e Yan et al. [20]

e Long et al. [22]
o Arora et al. [24]

e Su et al. [26]

o Peel et al. [21]

e Long et al. [22]

o Leitdo et al. [4]

e Quintana and

o Peel et al. [21]

e Emam and Domiaty
[23]

e Cui etal. [17]
¢ Wade and Reynolds

e Long et al. [22]

e Emam and Domiaty
[23]

¢ Upadhyay and
Reynolds [25]

o Mehta et al. [29]

Silveira [27] [28]
e Ramanjaneyulu etal. e Cuellar and x
[30] Silveira [31] * Leitdo etal. [4]
¢ Reza-E-Rabby and
e Costa et al. [32] Reynolds [33]
e Banik et al. [34]
e Costa et al. [32]
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Figure C.1 — Range of torque (a), temperature (b) and geometry parameter (c) values covered by the
database.

The evolution of the torque with w, v and G is shown in Figures C.2a to c,

respectively. The figure enables to observe that the rotational and traverse speeds tested

170



Appendix C

by the different authors vary in the range of 55 to 1700 rpm and 25 to 2000 mm/min,
respectively. The effect of the different process parameters on torque was ranked based
on the Pearson correlation coefficient (R?). From the figure, it is possible to conclude that
both the tool dimensions and the tool rotational speed may be statistically related to the
torque, while no important relation between the traverse speed with the torque may be
inferred. Comparing the evolution of torque with @ and G, it is also possible to conclude
that both have a comparable influence on the torque since the Pearson correlation
coefficients are similar.
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Figure C.2 — Evolution of torque with the rotational speed (a), traverse speed (b) and geometry
parameter (c). Experimental values from the literature.

Based on the previous conclusion, the evolution of torque versus the product Go
was analysed and plotted in Figures C.3a, for each base material. In the figure, each colour
identifies different torque evolutions corresponding to different levels of G, established
according to Figure C.1c. Analysing the results, it is possible to conclude that irrespective
of the base material welded, the torque results may be divided in different curves/trends
in accordance to the tool dimensions (G). For each curve, the torque decreases
exponentially with the increase of the rotational speed. However, meanwhile for the lower
G values a trend line may be plotted fitting almost accurately the decrease of the torque
with w, for all the materials, for the larger G value (green symbols), an important
dispersion of results may be observed. This dispersion is shown in more detail in Figure
C.3b, where the different traverse speeds used are identified. Analysing Figures C.3a and
b it is possible to conclude that the traverse speed only has important influence on the
torque values when tools with large dimensions are used. To the authors knowledge no
previous work report the same type of conclusion. In order to understand the influence of
G, w and v on the torque evolution/values, a parametric analysis was conducted using

numerical simulation.
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Figure C.3 — Evolution of torque with the geometry parameter multiplied by the rotational speed (Gw).
Experimental values from the literature.

3. Numerical Simulation

3.1. Numerical model

The welding mechanisms that govern the tool torque and the welding temperatures were
studied through numerical simulation of the FSW process. Three sections including the
tool, the stir zone and the workpiece were considered in the finite element model. As in
Dialami et al. [35-37], an apropos kinematic framework was adopted consolidating three
frameworks for the different weld subdomains. Namely, the tool was modelled in a
Lagrangian framework and the stir zone and the rest of the workpiece were described
using Arbitrary Lagrangian/Eulerian (ALE) and Eulerian frameworks, respectively. The

forces acting on the tool were calculated by appropriate integration of the tractions at the
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tool-stirred material interface. In order to save computation time, a fast and accurate two-
stage solution strategy was adopted [38]. More precisely, during an initial speed up stage,
the steady state solution is calculated by decreasing the thermal capacity of the transient
problem. The problem at this phase is defined in a fixed configuration. The periodic stage
starts by taking the solution obtained in the first step, as the initial condition, and
modelling the movement of the tool. This strategy reduces the FSW simulation time
drastically and, at the same time, makes possible the modelling of asymmetrical pin
shapes and the visualisation of the material flow during welding. Full sticking contact
conditions between the tool and the workpiece were considered in the numerical
simulations.

In Figure C.4 is shown the workpiece, the tool geometry and the mesh used in the
numerical simulation. The FE mesh contained around 32000 nodes and 180000
tetrahedral elements. The base material plates were modelled with 160 mm width and
length. The tool was modelled with a cylindrical pin and a flat shoulder. A more refined
mesh was used in modelling the tool/workpiece interface, in order to capture the
temperature and strain rate gradients. A convection coefficient (hconv) equal to 25 W/m2k
and a conduction coefficient (hcong) equal to 1000 W/m?k were used to model the heat
exchanges with the surrounding environment and with the backing plate, respectively.

The Norton-Hoff constitutive model was considered to model the base material

behaviour,
Oeq (e T) =V (V) ™, (C.10)

where o¢q IS the equivalent stress, éeq the equivalent strain rate and  (T) and m (T) are the
viscosity parameter and exponent, respectively. The base material constitutive properties
used in the numerical simulations were taken from Dialami et al. [38]. The remaining
governing equations of the numerical model are summarised in Table C.2 and the
respective nomenclature in Table C.3. For a detailed explanation of the computational
framework, see Ref. [35-38].
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Figure C.4 — Finite element model: workpiece geometry (a), stirring zone (b) and tool geometry (c).

Table C.2 — Thermo-mechanical formulation.

Mechanical partition
_ Momentum balance
V-s+Vp+pb=0 equation
V-v=0 Continuity equation
£=Vv Kinematic equation
Oeq = 3 /2 (s5:5)1/2 Equivalent stress
b = 2/3 (£:£)1/2 Equivalent strain rate
Thermal partition
1dT _
P,C (EE + (V= Vypes) - VT) —V-(kVT) =D, Energy balance equation
Doy = 0s: € Viscoplastic dissipation
Ay = (T -T,,,) Heat convection
Qs = Peona (T = Tioor) Heat conduction

Table C.3 — Nomenclature.

s Stress deviator
p Pressure
P, Density in the reference configuration
b Body forces vector per unit of mass
v Velocity field
£ Strain rate
u Viscosity parameter
m Viscosity exponent
c Specific heat
T Temperature
Vinesh Velocity of the mesh
k Thermal conductivity
0 Fraction of plastic dissipation
Reony Heat transfer coefficient by convection
Reond Heat transfer coefficient by conduction
& Speed-up factor
Tenv Environmental temperature
Tiool Tool temperature
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A sensitivity analysis was performed in order to analyse individually the influence
of the tool dimensions and of the tool rotational and traverse speeds on the torque and
temperature evolution during welding. In the numerical simulations, the tool rotational
and traverse speeds were varied in the same range of the welding speeds used in the
literature analysed (shown in Figures C.1a and b), i.e. @ was varied between 300 to 1500
rpm and v was varied between 250 to 2000 mm/min. The tool dimensions were also
selected based on the experimental works using the data in Figure C.5, where are plotted
the shoulder diameters and the base material thicknesses (t) for the welding conditions
covered by the database. In the figure, it is also plotted, by a dashed line, the shoulder
diameter to plate thickness ratios recommended by Zhang et al. [39],

Dy=2.2t+7.3 (C.11)

for obtaining non-defective welds. The range of tool dimensions used in the numerical
simulations, which are represented in the figure by the red box, were defined in order to
consider two situations: (1) shoulder diameters proportional to the plate thickness,
calculated using Eg. C.11, and (2) constant shoulder diameters and varying plate
thicknesses. The pin dimensions were established using a Ds/D, ratio of 3, as
recommended by Prado et al. [40], and a pi/t ratio of 0.85. This way, the thickness of the
base material and the shoulder diameter were varied between 1 to 10 mm and 12 to 30

mm, respectively.
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Figure C.5 — Tool shoulder diameter versus base material thickness, for all the experimental conditions
considered in the database and FE modelling.
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3.2. Numerical results

The influence of the different welding parameters on the torque evolution during welding
was analysed by measuring the maximum welding temperatures (T) and the amount of
material stirred by the tool, quantified by the stirred area (SA), and relating it to the
average torque registered in the numerical simulation. The procedures used to quantify T
and SA are exemplified in Figures C.6a and b, where it is shown the temperature and the
logarithmic equivalent strain rate distribution, respectively, in the weld cross section,
when steady-state conditions are reached during welding. As shown in Figure C.6a the
temperature distribution in the welds was asymmetrical, with maximum temperatures
registered at the advancing side of the weld. The temperatures used in the analysis were
measured in a point located at the outer shoulder radius, at the advancing side of the tool.
The amount of material stirred by the tool was evaluated by measuring the area of material

with equivalent strain rate higher than zero, as shown in Figure C.6b.
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Figure C.6 — Distribution maps of temperature (a) and logarithmic equivalent strain rate (b). Results for
the weld cross section.

In Figure C.7 is shown the evolution of the welding torque (continuous lines) with
@ and G. The results were obtained by varying o between 300 and 1500 rpm and using a
constant welding speed of 250 mm/min. The G values were set assuming a proportionality
between the shoulder diameter and the plates thickness, i.e. using Eq. C.11 for calculating

the shoulder diameter and assuming plate thicknesses varying between 2 to 10 mm.
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Analysing the figure, it is possible to conclude that, in accordance to the experimental
results, for constant tool rotational speeds, the torque registered in the numerical
simulations increased with G, and for constant G values, the torque decreased with
increasing . However, the figure also shows that the influence of G on the torque
evolution is more significant for low than for high rotational speeds and, on the other
hand, the influence of the rotational speed on the torque evolution is more significant for
large than for low values of G.

The evolution of the torque with @ and G may be explained analysing the
evolution of the maximum welding temperatures (coloured map) and of the stirred area
(dashed lines) with the process parameters. The colour map in Figure C.7 shows that the
welding temperatures increase with the tool rotational speed, irrespective of the tool
dimensions, and stabilise in maximum values for large values of @ and G. The
stabilisation of the maximum temperature corresponds to the threshold in heat generation
which is known to prevent the welding temperature from reaching the base material
melting temperature, ensuring solid-state welding in FSW irrespective of the welding
parameters. However, meanwhile for low values of G, the decrease of the torque with w,
reported in the previous paragraph, may be attributed to the base material softening with
increasing temperatures, for high G values the same is not true, since high torque values
were registered in the very high temperature domain. Therefore, the increase in the torque
with G has to be related to the increase of the amount of material stirred by the tool.
Analysing Figure C.7 it is possible to confirm that, independent of w, the stirred area
increases with G, i.e. with increasing tool dimensions and plate thickness. The only
exception is in the very high temperature domain, where a gradual decrease in the stirred
area with increasing « may be observed.

In Figure C.8 is now shown the evolution of the torque (continuous lines) with the
shoulder diameter and thickness for two different values of rotational speed (300 and 900
rom) and two different values of traverse speed (250 and 1000 mm/min). In these
numerical simulations, no proportionality between the tool dimensions and plate
thickness was assumed, i.e. in each simulation the D/t ratio was not set according to Eq.
C.11, being selected in order to cover the full range of tool dimensions highlighted by the
red shaded area in Figure C.5. As shown in Figure C.8, tools with shoulder diameters
varying from 12 to 30 mm were tested for the welding of 1 to 9 mm thick plates.

Analysing the torque results it is possible to conclude that, irrespective of @ and v, the
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larger torque values were always registered for the simulations corresponding to the tools
with the_larger shoulder diameter and the larger thicknesses, i.e. for the larger G values,
which is in accordance with the experimental results. Comparing the four plots, it is also
possible to conclude that for the same range of shoulder diameters and plate thicknesses,
the torque values were higher in the simulations performed with the lower tool rotational

speed and/or the higher traverse speed.
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Figure C.7 — Numerical results concerning the evolution of the torque, temperature and area of material
stirred with the rotational speed and geometry parameter.

Analysing in Figure C.8 the evolution of the temperature (coloured maps) with
process parameters it is possible to conclude that the welding temperatures were higher
in the numerical simulations performed with the higher tool rotational speed of 900 rpm
and the higher shoulder diameters. Comparing the temperature values in Figures C.8a and
b and Figures C.8c and d it is even possible to conclude that heat generation was
determined by the tool rotation, in first, and by the shoulder diameter, in second. On the
other hand, the evolution of the temperatures in each graph also enables to conclude that
for constant shoulder diameters, the temperature decreases with increasing plate
thicknesses. In the same way, the differences in temperature fields between Figures C.8a
and ¢ and Figures C.8b and d, also enable to conclude that irrespective of Ds and w, the

temperatures decrease when increasing the traverse speed. Those results point for the
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strong influence of v and t on the welding temperature, indicating that these parameters
should also be considered in the modelling of the torque evolution with process
parameters. However, these results also enhance that the influence of v on the torque and
temperature is more pronounced for welding conditions corresponding to large G values,

as already stressed when analysing the results in Figure C.3b.
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Figure C.8 — Numerical results concerning the evolution of torque and temperature with the shoulder
diameter and thickness, for rotational and traverse speeds of 300 to 900 rpm and 250 to 1000 mm/min,
respectively.

4. Modelling torque and temperature

Figures C.9a and b show the evolution of the temperature and torque, respectively, versus
the product of the traverse speed by the plate thickness (vt). Both parameters were found
to be important factors in determining the welding heat dissipation in the previous
analysis. In the figure, the results plotted with red squares correspond to the numerical
simulations of Figure C.7, in which heat dissipative effects associated with the thickness

and the traverse speed were minimised by assuming a constant value for v and setting the
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shoulder diameter proportional to the plates thickness. The results plotted with circles
correspond to the numerical simulations of Figure C.8, in which the shoulder diameters,
plate thicknesses and traverse speeds were selected in order to enhance the heat
dissipative effects on the temperature fields.

Analysing Figure C.9a, it is possible to conclude that the welding temperature
increases with G and @, which were found as the main factors in heat generation in the
previous analysis, but decrease non-linearly with the vt product. Analysing now the
evolution of the torque in Figure C.9b, it is possible to conclude that the torque decreases
with @, which is the main factor in heat generation, but increases with G, which is the
main factor in determining the volume of material stirred by the tool. The torque also
increases non-linearly with the product (vt), due to the important influence of both
parameters in heat dissipation, i.e. in decreasing the welding temperature.

From the results in Figure C.9, two coefficients, relating the heat generation and
the volume of stirred material, governed by w and G, respectively, and the heat
dissipation, governed by v and t, are proposed to be used in quantifying the average
torque and the maximum temperature attained during welding. The torque (Cwm) and

temperature (Cr) coefficients are given by

G
CM —_ Z4V Ut, (012)
and,
Cr = Go (C.13)
T Ve '

Assuming o = ¥ and K = GVt, these coefficients resembles Colegrove and
Shercliff [15] model for torque. However, a larger number of process parameters,
enabling to better describe the welding conditions in use, is taken into account in the
proposed coefficients. In Figure C.10a are plotted the torque values obtained in the
numerical simulations performed in current work versus the torque coefficient Cu. Based

on the figure, it is possible to establish a linear relationship between the torque and Cw

M = Ky Z3/vt. (C.14)
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Figure C.9 — Evolution of temperature (a) and torque (b) with the traverse speed multiplied by the plate
thickness (vt) when heat dissipative effects are minimized (red squares) and maximized (black circles).

In this equation, a new constant K,, is introduced, which resembles the Mmax in
Cui et al. [17] model. According to this author, Mmax is determined by the strength of the
base materials at room temperature. According to present authors, K, is determined by
the plastic properties of the alloy being welded, which were already found to determine
the weldability in FSW of aluminium alloys in a previous work [41]. For the aluminium
alloy tested in the numerical simulation work, fitting the numerical results it was
determined that Km = 6. The torque values obtained from Eq. C.14 are compared to the
torque values obtained in the numerical simulations in Figures C.10b to d. In these figures,

the torque results are plotted versus the plate thickness (Figure C.10b), the rotational
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speed (Figure C.10c) and the traverse speed (Figure C.10d). All the figures show that the
proposed model satisfactorily reflects the evolution of the average torque with process
parameters.

In Figure C.11 the model previsions are now compared with some of the
experimental results from the database. Since different aluminium alloys were used by
the different authors, and Ky is a material property related parameter, its value had to be
adjusted according to the base material in use in each reference. Analysing the figure, it
is possible to conclude that the Cw coefficient is able to reproduce satisfactorily the torque
evolution for the experimental welding conditions covered by the database.
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Figure C.10 — Evolution of the torque values, obtained in the numerical simulations, with the torque
coefficient (a). Comparison between the torque values, obtained in the numerical simulations, for
different plate thicknesses (b), rotational speeds (c) and traverse speeds (d) with the torque values

calculated with Eq. C.14 (dashed lines).
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Costa et al., 2019
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Figure C.11 — Comparison of the experimental torque results, from the database, with the torque values

calculated with Eq. C.14.

In Figure C.12 are now plotted the maximum welding temperatures, obtained in

the numerical simulations, versus the temperature coefficient Cr. The figure clearly shows

that for Cr higher than 20000, the maximum welding temperatures remain constant,

indicating that this value of Cr may be considered as a heat generation threshold indicator

for aluminium alloys. As was done for the torque, the Cr coefficient was correlated with

the temperature values, being obtained an equation to predict the welding temperature.

So, according to the figure, the temperatures in FSW of aluminium alloys may be

estimated as

follows:

T = K;Cy for Cr < 20000,

T =590°C for C;y = 20000.

(C.15)
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In this case, Kt and ¢ are related to the base material properties that determine
heat generation and dissipation. From the numerical simulation results it was determined
that Kr =50 and ¢ = 0.25.

In Figure C.13, the temperature values previewed by the model are compared with
the experimental results from the database. In order to fit accurately the experimental
results, the temperature values computed using Eqg. C.15 and making Kt = 50 and ¢ =
0.25, had to be multiplied by a A constant. The need for this constant may be associated
with important influence of the different experimental techniques, followed by the
different authors, in acquiring the maximum temperature, i.e. differences in temperature
measurement techniques, differences in the position at which the temperature was
measured relative to the weld axis, or even, differences in the backing plate material,
among others. Therefore, A factors were determined individually for each one of the
experimental works, due to the strong dependence of the maximum temperatures
registered from the experimental apparatus. However, it is important to enhance that no
adjustment in Kr and ¢ parameters was necessary, indicating that these parameters are
constant for all aluminium alloys. In fact, analysing Figure C.13, it is possible to see that
despite the different welding conditions, i.e. different shoulder diameters, traverse and
rotational speeds, the temperature values computed through Cr always follow the

temperature results obtained by the different authors.
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Figure C.12 — Evolution of the maximum welding temperatures, obtained in the numerical simulations,
with the temperature coefficient.
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Figure C.13 — Comparison between the experimental temperature values, from the database, with the

4. Conclusions

temperature values calculated with Eg. C.15.

In the present work, the influence of the process parameters, tool dimensions and plate

thickness on the torque and welding temperatures was analysed. The main findings of the
investigation may be summarized as follows:

Analytical coefficients (Cw and Ct) were determined for calculating the average

torque and the maximum temperature as a function of the welding parameters.

The proposed analytical coefficients were validated using experimental results

from the literature.

The tool dimensions and the rotational speed have strong influence on torque and

temperature. The proposed coefficients enable to quantify their influence on

torque and temperature.
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The traverse speed and the base material thickness are secondary parameters
governing the torque and temperature. Their influence on torque is only noticeable
when large shoulder tools are used and/or in thick plates welding.

Cwm and Cr coefficients enable to quantify the influence of the traverse speed and
plates thickness on torque and temperature.

The temperature coefficient Cr enables to determine a threshold in the heat
generation in FSW, i.e. for Cy>20000 no temperature increase is expected by

changing the welding parameters/conditions.
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Analysis of contact conditions and its influence on strain rate and temperature in
Friction Stir Welding

Abstract

In friction stir welding (FSW), the real contact conditions between the tool and the
workpiece and the range of strain rates experienced remain quite unclear. In this work, a
coupled 3D thermo-mechanical numerical model was used to simulate the FSW process.
A Parametric finite element analysis of the evolution of the contact conditions, strain rates
and temperatures with the processing parameters, tool dimensions and base material
plastic properties was conducted. The numerical model was able to capture the evolution
of the mixed slipping/sticking contact conditions with the welding time and welding
parameters. The temperature and strain rate gradients obtained in the numerical
simulations were validated with experimental data, by calculating the grain size
distribution, in the stirred volume, using the Zener-Hollomon parameter. Full sticking,
full slipping and mixed slipping-sticking contact domains were identified in a process
parameters chart. It was found that, meanwhile the temperature and the sticking fraction
evolve in the same way with the processing parameters, the strain rate is mainly
determined by the tool rotation speed, varying from an average of 68 to 324 s%, when the
tool rotation speed is increased from 300 to 1200 rpm. The contact conditions and the

base material plastic properties were also found to mutually influence the material flow.
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In full sticking contact, high strength materials, with high strain rate sensitivity, may
display a similar flow pattern to that of low strength materials. However, coarser and
more uniform grain structures may result from the welding of high strength materials, as
a result of the narrower range of strain rates experienced during welding combined with
high heat input.

Keywords: FSW; Contact conditions; Strain rate; Numerical simulation.

1. Introduction

During Friction Stir Welding (FSW), the tool rotation and translation movements promote
not only the heating by friction of the materials to be joined, but also its plastic
deformation under complex loading conditions and variable strain rates. The complex
loading conditions, at high temperatures, are responsible for the material flow and for the
microstructural phenomena taking place during welding. So the understanding of the
mechanisms that govern the plastic deformation during welding, which are conditioned
by the contact conditions at the tool/workpiece interface, temperature and strain rates
inside the stirred volume, are very important to predict the final microstructure of the
welded materials as well as the possibility of defect formation.

Several works attempted to analyse and measure the plastic deformation and the
strain rates during FSW, by using different techniques, such as microstructural analysis,
tracing materials, analytical models and numerical simulation. Table D.1 summarises the
strain rate values reported in the literature, determined using the above described
techniques, for different base materials and process conditions. Frigaard et al., 2001 [1],
Gerlich et al., 2006 [2] and Gerlich et al., 2007 [3] measured the grain size in the stirring
zone to compute the strain rate values by using the Zener—Hollomon parameter, in FSW
and Friction Stir Spot Welding (FSSW) of Aluminium alloys. Frigaard et al., 2001 [1]
calculated strain rate values, between 1 to 20 st in FSW of AA6082 and AA7018.
According to the authors, these results indicated the occurrence of slipping contact
conditions between the tool and the workpiece, since the calculated strain rate values were
very low when compared to the angular velocity of the tool. On the other hand, Gerlich
et al., 2006 [2] and Gerlich et al., 2007 [3] in FSSW of AA7075 and AA2024,
respectively, reported a decrease in the strain rates, from 650 to 20s™ and 1600 to 0.6s™,
by increasing the rotation speed from 1000 to 3000 rpm and 750 to 3000 rpm,
respectively. They attributed these results to the local melting of second phase particles.
Masaki et al., 2008 [4] determined the strain rate values during FSW of AA1050, by
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comparing the grain size in the welded zone, with the grain size of specimens loaded in
plane-strain compression, under various temperatures and strain rates. Using this
technique, the authors found that by increasing the rotation speed from 600 to 1200 rpm
the strain rates varied between 1.7 to 2.7 s%.

Chen and Cui, 2009 [5] and Liu et al., 2019 [6] determined the strain rates in FSW
of A356 alloy and C1100P copper, respectively, by measuring the distortion of tracer
materials in the post-weld microstructure. Chen and Cui, 2009 [5] calculated strain rates
between 3.5 to 85 st in the leading side of the tool, while Liu et al., 2019 [6] calculated
an average strain rate of 20.8 s ! in the band formation zone. The use of tracers has also
been used to determine the strain rates and the material flow velocity during FSW by
Morisada et al., 2015 [7], Morisada et al., 2015 [8] and Kumar et al., 2018 [9]. Morisada
et al., 2015 [7] calculated a maximum strain rate value of almost 15 s, for the FSW of
A1050 at 1000 rpm. Also, in the FSW of A1050 Morisada et al., 2015 [8], observed that
the tracing particles rotated around the tool several times, when the rotation speed was
higher than 400 rpm, although the angular velocity of the tracer was always lower than
the angular velocity of the tool. For rotation speeds lower than 300 rpm the tracing
particles stopped rotating around the tool and defects were observed in the weld. Kumar
et al., 2018 [9] analysed the influence of the rotation and traverse speeds on the strain
rate, in the FSW of a viscoplastic fluid. According to the authors, the tracing particles
also rotated several times around the tool pin, up to a maximum velocity of 60 % of the
pin angular speed. The tool rotational speed was found to be the main factor governing
the strain rates. Increasing the rotation speed from 75 to 425 rpm lead to an increase in
the strain rates between 8 and 44 s™.

Chang et al., 2004 [10] and Long et al., 2007 [11] proposed analytical models to
estimate the strain rates during welding. Chang et al., 2004 [10] proposed that the strain
rates are proportional to the size of the dynamically recrystallised zone and to a fraction
of the tool rotational speed, due to the sticking/slipping contact condition at the
tool/workpiece interface. Using the previous model, Chang et al., 2004 [10] calculated an
increase in the strain rates between 5 to 50 s by increasing the rotation speed from 180
to 1800 rpm. The Long et al., 2007 [11] model estimated the strain rates by considering
the distance that the tool advance in one rotation, as the initial length of the undeformed
material. Then, during the tool rotation, this portion of material is stretched in the front
side of the pin and is finally compressed in the trailing side of the pin, where it is

deposited. Considering the previous model, Long et al., 2007 [11] calculated an increase

193



Appendix D

in the average strain rates from 20 to 350 s* by increasing the rotation speed from 544 to
844 rpm, respectively.

Due to the difficulty in calculating the strain rates experimentally during welding,
numerical simulation has been used as a tool to determine the strain rates experienced
during FSW. Nandan et al., 2006 [12], Nandan et al., 2006 [13] and Nandan et al., 2007
[14] used a three-dimensional viscoplastic model to simulate the FSW of 304 stainless
steel, AA6061 aluminium and AISI 1018 steel, respectively. The authors determined
maximum strain rate values of 130 s, 150 s™ and 40 s, for rotation speeds equal to 344,
300 and 450 rpm, respectively. Du et al., 2020 [15] used numerical simulation to model
the FSW of AA2017, AA5083 and AA6082 aluminium alloys and computed strain rate
values between 23.16 to 434.25 s by varying the rotation speed from 100 to 1100 rpm.
Mukherjee and Ghosh, 2010 [16] used two-dimensional finite-element simulation using
ABAQUS, to model the FSW of AA5083 aluminium alloy. The authors concluded that a
0.1 ratio between the base material velocity matrix and the tool velocity, best
characterised the material flow. For these conditions, a maximum strain rate of 87 s™* was
determined. Ammouri et al., 2015 [17] used a 3D thermo-mechanically coupled FE model
to simulate the FSW of AZ31B, under different rotation and traverse speeds. The authors
observed that the strain rates increased with the rotation and traverse speeds. Although,
the rotation speed presented higher influence on the strain rate values than the traverse
speed. Sharghi and Farzadi, 2018 [18] used a three-dimensional model based on the
computational fluid dynamics to simulate dissimilar welding of AA6061/Al-Mg.Si
aluminium alloys. The authors computed a maximum strain rate of 975 s near the top
surface of the workpiece at the outer edge of the tool shoulder.

The contact conditions at the tool/workpiece interface are also critical to
understand the welding mechanisms occurring during FSW, although they are difficult to
study experimentally. In general, the contact conditions are considered to be fully sticking
[19-27] or fully slipping [19,24,28-30]. However, this assumption may be restrictive in
order to simulate the welding process accurately. Some works have also considered the
partial slipping/sticking phenomena during the welding process by prescribing imposed
velocity profiles at the tool/workpiece interface [19,24,31-33].

Considering all the works analysed, it is possible to conclude that the calculated
strain rate values widely vary, in accordance with the different measurement techniques,
process parameters, contact conditions and base materials used. In current work, a

coupled three-dimensional thermo-mechanical model was used to simulate the evolution
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of the mixed slipping/sticking contact conditions and to compute the strain rates and

temperatures during FSW of different base materials under a wide range of parametrically

varied welding conditions. The range of temperatures and strain rate obtained in the

numerical simulations were validated with experimental results and extrapolated to

predict the evolution of the weld microstructure for the different welding conditions

tested.
Table D.1 — Range of strain rates reported in the literature.
Rotation Traverse Strain rate
Technique Author Base Material speed speed 5]
[rpm] [mm/min]
Frigaard et AA6082 and
al., 2001 [1] AAT7018 1500 720 1-20
Gerben ‘E;]a' AA7075-T6 | 1000 - 3000 0 20 - 650
Microstructural Gerlich et al
2007 [3] ' AA2024 T351 750 - 3000 0 0.6 - 1600
Masaki et al.,
2008 [4] AA1050 600 - 1200 100 1.7-27
Chenand A356 (Al-7Si-
Cui, 2009 [5] 0.3Mg) 740 168 35-85
Morisada et
al., 2015 [7] A1050 1000 400 13.4-15
Tracers Kumar et al
2018 [9] Visco-plastic fluid 75 -425 50-110 8-44
Liuetal.,
2019 [6] Copper C1100P 800 150 20.8
Chang etal, AZ31 180 - 1800 90 5-50
. 2004 [10]
Analytical
model Long et al 20830,
2007 [11]' ' 2219-T87 and 544 - 844 76.2 20 - 350
7050-T751
Nandan et al., .
2006 [12] 304 Stainless Steel 300 101 130
Nandan et al.,
2006 [13] AA6061 344 95 150
Nandan et al.,
2007 [14] AISI 1018 450 25.2 40
Mukherjee
Numerical and Ghosh, AA5083 1500 50.8 87
2010 [16]
Ammouri et
al., 2015 [17] AZ31B alloy 600 - 2000 75 - 900 34.8-1225
Sharghi and
Farzadi, 2018 | AAPDOL AL 1120 120 975
[18] J
Du et al., AA2219, AA5083
2020 [15] and AABOS2 150-1302 100-1100 23.16-434.25
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2. Numerical simulation

2.1. The finite element model

The contact conditions and the plastic deformation during FSW were studied by using the
three-dimensional numerical model proposed by Chiumenti et al., 2013 [34] and Dialami
et al., 2013 [35]. As shown in Figure D.1, the finite element model combines three
different kinematic frameworks. The tool is modelled in a Lagrangian framework, while
the stirring zone and the base material are modelled using Arbitrary Lagrangian/Eulerian
(ALE) and Eulerian frameworks, respectively. In order to reduce the computational time,
the two-stage solution strategy proposed by Dialami et al., 2017 [36] was used. The
coupled thermo-mechanical problem is solved by using the thermal and mechanical sub-
problems, shown in Table D.2, sequentially for each time step. The nomenclature of the
variables used is shown in Table D.3. In the numerical model it was assumed that 90% of
the plastic dissipation was converted into heat. For a more detailed explanation of the
thermal and mechanical models, and of the computational framework, see Refs. [35-39].

Table D.2 — Formulation.

Mechanical partition

V-s+Vp+p,b=0 Momentum balance equation
V.-v=0 Continuity equation
E=Vv Kinematic equation

Teg = 3 /2 (s:5)1/2 Equivalent stress

Eoq = 2/3 (& ;g)l/z Equivalent strain rate

Thermal partition

1dT _
PyC (EE + (V= Vypesn) - VT) —V-(kVT) = D,pq Energy balance equation
D,pesh, = 0s:€ Viscoplastic dissipation

Doy = P(T = Tery) Heat convection

Qoona = Neond (T = Tio01) Heat conduction

In this work, a square shaped workpiece with 160x160 mm was used to simulate
the base material. The tool was simulated with a flat shoulder with a concentric cylindrical
pin. A mesh with 32000 nodes and 180000 tetrahedral elements was used in the numerical
simulations. In order to understand the influence of the process parameters on the contact
conditions and on the plastic deformation during welding, in the numerical simulations,

the rotation (w) and traverse (v) speeds were varied between 300 to 1200 rpm and 250 to
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1000 mm/min, respectively. The tool pin diameter (D,,), pin length (p;), shoulder diameter
(D) and base material thickness (t) were varied in the range of 4 to 10 mm, 1.8 to 8.5
mm, 12 to 30 mm and 2 to 10 mm, respectively. According to Andrade et al., 2020 [40],
this range of welding velocities, tool dimensions and plate thicknesses represent the
majority of the welding conditions tested in the FSW works on aluminium alloys. As in
Andrade et al., 2020 [40], in current work, the influence of the tool dimensions on the
welding outputs was considered by using the geometry parameter (G), that corresponds
to the contact area between the tool and the workpiece,

/[

“=3

DZ + nD,p, +%(DS -n,)". (D.1)
The combination of base material thicknesses, pin and shoulder diameters and
respective geometry parameters used in current numerical simulations are summarised in
Table D.4. These combinations were set according to Zhang et al., 2012 [41] and Prado
et al., 2001 [42], who recommended a shoulder diameter to plate thickness relation equal
to D, = 2.2¢+7.3 and a shoulder to pin diameter ratio equal to D,/D,=3, respectively. Also,

a pin length to plate thickness ratio equal to 0.85 was considered.

Table D.3 — Nomenclature.

s Stress deviator
p Pressure
P, Density in the reference configuration
b Body forces vector per unit of mass
v Velocity field
£ Strain rate
c Specific heat
T Temperature
Vyosh Velocity of the mesh
Thermal conductivity
6 Fraction of plastic dissipation
Reony Heat transfer coefficient by convection
Reond Heat transfer coefficient by conduction
& Speed-up factor
Tenv Environmental temperature
Tiool Tool temperature
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Lagrangian Tool

Eulerian
workpiece

Figure D.1 — Numerical model and respective subdomains: Lagrangian, ALE and Eulerian zones.

Table D.4 — Base material thicknesses, shoulder diameters, pin diameters and geometry parameters used
in the numerical simulations.

t [mm] Ds [mm] Dp [mm] | G[mm?]
2 12 4 134
6 18 6 351
10 30 10 974

2.2. The base materials modelled
The base material plastic behaviour was modelled by using the Norton-Hoff constitutive
model,

Oeq (éeq' T) = ﬁ#(\/géeq)m'

(D.2)

where g, is the equivalent stress, éeq is the equivalent strain rate and u and m are
constants that determine the strength and the strain rate sensitivity, respectively, of the
base material. Some conceptual materials were considered in this analysis. The base
materials stress-strain rate curves, for a constant temperature of 25 °C and 550 °C, and the
stress-temperature curves, for a constant strain rate of 100 s, are represented in Figure
D.2ato D.2c. In the figure, the base material represented by the yellow line was modelled
using the AA6063-T6 constitutive properties from Dialami et al., 2017 [37]. The

constitutive properties of this material, which will be labelled as reference material, were
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used in most of the analysis that follows. The remaining base materials used in the
analysis were conceptually developed by varying 4 and m values, taken from the
reference material, from -90 % to +100 % as shown in Figure D.2. The HSHSRS and the
HSLSRS are high strength materials (u = +100 %) but with high (m = +100 %) and low
(m = -90 %) strain rate sensitivity, respectively. On the other hand, the LSHSRS and
LSLSRS are low strength materials (u = -90 %), but with high (m = +100 %) and low (m
= -90 %) strain rate sensitivity, respectively. The conceptual materials were exclusively
used in a parametric analysis on the influence of the plastic properties of the base

materials on the material flow and temperature and strain rate distributions during

welding.
500 2) 100 b)
£ 5
S 400 S 80|
Py 0 b) T=550°C
£300 | s 60 f
£200 | 5 40t
E g
5100 a) T=25°C 'S 20 E
=2 o
m 83
0 ‘ L 0 : ‘
1 10 100 1000 1 10 100 1000
Strain rate [s] Strain rate [s71]
c)
= L
g 300 ¢) é=100s" —— HSHSRS
2 HSLSRS
5 L
& 200 AA 6063 —T6
E LSHSRS
£100 - LSLSRS
=
m
O I I X
0 200 400 600

Temperature [°C]

Figure D.2 — Stress-strain rate curves at a constant temperature of 25 °C (a) and 550 °C (b), and stress-
temperature curves at a constant strain rate of 100 s* (c). Labels HSHSRS and HSLSRS denote high
strength materials with high and low strain rate sensitivity, respectively. Labels LSHSRS and LSLSRS
denote low strength materials with high and low strain rate sensitivity, respectively.

2.3. The friction law and the contact conditions
The Norton’s friction law was used to model the friction between the tool and the
workpiece:

T = a(T)||Avs]|?7 A, (D.3)
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In the equation, 7 is the friction shear stress, Av; is the relative sliding velocity between
the tool and the workpiece, g is the sensitivity to the sliding velocity and a(T) is the
consistency parameter given by

a(T) = —asK(T), (D.4)

where a; is the friction coefficient and K(T) is the temperature dependent material
consistency. Considering an almost uniform temperature distribution at the contact
interface, a(T) may be assumed constant. In order to ensure that the mixed contact
conditions characteristic of the FSW process were accurately captured by the numerical
model, a(T) values ranging from 50 to 500 MPa, were tested. With this selection, several
friction coefficients were assumed, since K(T) is a material related constant. The
sensitivity to the sliding velocity parameter was assumed to be constant (q = 0.5) [37].

The contact conditions between the tool and the workpiece were assessed by
measuring the sticking fraction (8), as suggested by Schmidt et al., 2003 [43]:

§ =M (D.5)

Vtool

In the equation, vy represents the velocity of the base material, at the tool/workpiece
interface, and v,,,; is the tool velocity. According to Schmidt et al., 2003 [43], when the
sticking fraction is equal to one, it means that the contact is 100 % sticking. When the

sticking fraction is equal to zero, it means that the contact is 100 % slipping.

3. Analysis of results

3.1. Sensitivity analysis on contact conditions

To determine whether the mixed slipping/sticking contact conditions occurring in the
FSW process were accurately captured by the numerical model, a(T) values ranging from
50 to 500 MPa were tested using the AA6063 alloy constitutive properties for modelling
the base material, a tool with geometry parameter G = 351 mm? and rotation and traverse
speeds of 600 rpm and 250 mm/min, respectively.

Figures D.3a and D.3b compare the evolution of the base material and tool
velocities, at the tool/workpiece interface, in two different stages of the FSW process, i.e.
at the beginning of the welding process (t = 0.04s) and after steady state conditions are
reached (t = 5s). The figure refers to numerical simulations performed using a(T) equal
to 90 and 500 MPa. In Figures D.3c and D.3d is compared the distribution of the sticking

fraction, calculated using the velocity profiles of Figures D.3a and b, respectively. In the
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next, to characterise the contact conditions, the average sticking fraction (davg), which is
the average of the sticking fraction values calculated for all the points along the
tool/workpiece interface, will be used.

Analysing Figure D.3 it is possible to conclude that, in both numerical
simulations, the tool and the material velocities increase with the radial distance from the
tool axis, and its maximum values are reached at the outer shoulder edge. The figure also
enables to conclude that, irrespective of a(T), the sticking fraction increased with the
welding time, satisfactorily reproducing the evolution of the contact conditions during the
dwelling period at the beginning of the FSW process. Although, meanwhile for the
simulations performed with a(T) = 90 MPa, slipping contact conditions (8avg ~ 0)
prevailed at the initial stage of the welding process (t = 0.04s), for the simulations
performed with a(T) = 500 MPa, a large sticking fraction (8avg~ 0.8) was registered since
the beginning of the welding process. When using a(T) =90 MPa, once steady state
conditions were reached (t = 5s), mixed slipping/sticking contact conditions (davg ~ 0.7)
were developed. On the other hand, when using a(T) = 500 MPa, full sticking (Savg~ 1)
prevailed after steady state conditions were reached. Another important difference
between the simulations performed with the different consistency parameter values is
that, for the simulations ran with a(T) = 90 MPa, the contact conditions were not
symmetrical nor uniform along the tool diameter, since the beginning of the welding
process, being registered higher sticking fractions at the retreating side (RS) than at the
advancing side (AS) of the tool. However, for the simulations ran with a(T) = 500 MPa,
contact conditions were almost symmetrical and became uniform, at the
shoulder/workpiece interface, when steady state conditions were reached. For a(T) = 90
MPa, the sticking fraction was also higher, at the inner shoulder diameter, where the tool
velocity is lower and the weld nugget is formed due to the dragging of the material from
the shoulder influence zone to the pin influence zone [44].

The analysis performed in the previous paragraph showed important differences
in contact conditions at the tool/workpiece interface when different values were assumed
for the consistency parameter in the Norton friction law. So, in order to better understand
the evolution of the contact conditions with a(T), and its influence on heat generation
and material flow, numerical simulations were ran using a varied range of tool rotational
speeds (300, 600, 900 and 1200 rpm), which is the main factor governing the heat
generation in FSW [40]. Figures D.4a and D.4b show the evolution of the average sticking
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fraction with a(T) and with the rotation speed, respectively. In the figures, it is also
plotted the evolution of the welding temperature for the range of welding conditions
tested. The welding temperature was calculated by computing the average temperature in

the stirring volume, i.e. considering only the amount of material with equivalent strain
rate values higher than zero.

a(T) = 90 Mpa a(T) = 500 Mpa
Rs
© Time = 0.04s
® Time = 5s
® Tool velocity
®
G
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Figure D.3 — Evolution of the base material velocity at the tool/workpiece interface (a and b) and of the
sticking fraction (c and d) with the welding time. Labels a(T), As, Rs denote consistency parameter,
advancing side and retreating side, respectively.
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Figure D.4 — Evolution of the average sticking fraction with a(T) (a) and rotation speed (b). Label
a(T), denote consistency parameter.

202



Appendix D

Analysing Figure D.4a, it can be concluded that, independently of the rotation
speed, the sticking fraction increases with a(T). For a(T) < 200 MPa, slipping contact
and mixed slipping/sticking contact prevail, depending on the tool rotational speed. For
a(T) > 200 MPa, sticking contact prevails, mainly for rotation speeds higher than 600
rpm. Figure D.4 also shows that the low temperatures associated with the very low
rotation speed of 300 rpm [40], is only simulated for a(T) < 100 MPa and that the
transition between prevalent slipping, at low rotation speeds, to prevalent sticking, at high
rotation speeds, is only simulated for a(T) = 90 MPa. Based on these results, a(T) = 90
MPa was selected to be used in the analysis of the evolution of the contact conditions and
strain rate with process parameters. In the next, this option will be validated based on

literature and experimental results.

3.2. Validation of the model
A relationship between the process parameters and the welding temperatures was already
established and validated by Andrade et al., 2020 [40]:

T = K;Cy for C; < 20000 06

T =590°2C for C; = 20000
In these relationships, Cr is the temperature coefficient and K and ¢ are constants related
to the base material properties. For aluminium alloys, the authors determined that for K
and ¢ equal to 50 and 0.25, respectively, a good fitting for a large number of literature

results was obtained. The temperature coefficient is given by

_Gw

Cr = .
T \/ﬁ

(D.7)

In Figure D.5 the temperature values previewed by the analytical model (Eq. D.6)
are compared with the numerical results obtained in the numerical simulations, using
a(T) = 90 MPa and considering the constitutive properties of the AA6063 alloy and all
welding conditions tested in this work. In the figure is plotted a rectangle in blue,
highlighting the evolution of temperature for predominant sliding conditions (8avg < 0.2)
and a rectangle in grey highlighting the evolution of temperature results for the
simulations in which dayg > 0.2. The correlation between the analytical model and the

results of the numerical simulations was assessed by the percentage error between the
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average of the temperatures obtained from the numerical simulations and the average of
the temperatures previewed by the model. Analysing the figure, it is possible to conclude
that for sticking fraction values lower than 0.2, the percentage error between the analytical
and the numerical simulation results is 25 %. For these welding conditions, the
temperatures were always inferior to the ones predicted by the analytical model. For
sticking fraction values higher than 0.2, the percentage error is inferior to 3 %, showing
a very good agreement between the numerical results with the ones predicted by the
analytical model. These results indicate that, in the domain of mixed contact conditions
and full sticking, the welding temperatures are determined by the process parameters and
tool dimensions, but the same is not true when sliding contact prevails, i.e. in a
temperature interval conducting to the production of defective welds due to the very low
heat input [8,45]. This may be explained assuming that in the full sliding domain an
accurate knowledge of the friction coefficient (a,) is required in order to accurately model
the FSW process. However, the figure also shows that for mixed sliding/sticking
conditions, the temperature may be accurately previewed using a(T) = 90 MPa for

modelling the contact conditions.

—600 | 20°C
&
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Figure D.5 — Comparison between the temperature values previewed by the analytical model (Eg. D.6)
with the temperatures computed by the numerical results, for dag < 0.2 (a) and davg > 0.2 (D). ). Label Savg,
denote average sticking fraction.

In Figure D.6 is now shown a cross-section of a weld performed in the AA6082-
T6 aluminium alloy using a tool with a geometry parameter of 475 mm? and rotation and
traverse speeds of 500 rpm and 200 mm/min, respectively. In figure are displayed the
streamlines representing the material flow around the tool, determined as in Dialami et

al., 2014 [46]. The figure also shows the strain rate and temperature distributions, in the
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weld cross section, obtained when simulating the experimental FSW test. Despite the
room temperature properties of the AA6063-T6, to which refer the material constitutive
properties used in the numerical simulations, and the AA6082-T6 alloys, used to fabricate
the weld in the figure, are different, at the very high temperatures reached during FSW, it
is expected that both alloys display similar properties and that the numerical and
experimental results may be compared. Actually, analysing the streamlines in Figure D.6
it is possible to conclude that, for the FSW conditions modelled, the numerical
simulations preview that the material is stirred under the shoulder for more than one
revolution. This prevision is corroborated by the cross-section of the weld, which displays
a large shoulder influence zone. However, in order to better demonstrate the good
agreement between the numerical and the experimental results, the grain size (GS)
distribution in weld nugget, represented in Figure D.7, was compared with the grain size
distribution calculated using the temperature and strain rate distributions displayed in
Figure D.6.

Strain rate, Temperature
log (s') [°C]
3 500
l 2.67 446.67
5233 5 393.33
+2.00 - 340
- 1.67 - 286.67
133 23333
: 1.00 - 180
0.67 126.67
0.33 73.33
0 20

Figure D.6 — Comparison between the AA6082-T6 weld cross section, with the streamlines, temperature
and strain rate fields obtained through numerical simulation. Labels As, Rs, 6, w and v denote advancing
side, retreating side, sticking fraction, rotation speed and traverse speed, respectively.

Figure D.7aand D.7b clearly illustrate the large dispersion in GS inside the nugget
of the weld in Figure D.6. According to Leal et al., 2008, [44] the onion rings are
composed by intercalated layers, which result from the incorporation of the plasticised
material dragged under the shoulder into to the shear layer around the pin. Magnifications
of the microstructure in different locations of the nugget, identified by nhumbers 1 to 5 in

Figure D.7a, as well as the grain size distribution in these different regions, are shown in
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Figures D.7c to D.7m. Analysing the figure, it is possible to observe zones with smaller
grain size intercalated with zones with larger grain size. As it is known, in thermo-
mechanical processes with severe plastic deformation, such as FSW, the dynamic
recrystallisation phenomena contribute to the grain refinement in the weld nugget.
According to Huang and Logé, 2016 [47], the recrystallisation kinetics and the
recrystallised grain size increases with increasing temperatures and decreasing strain
rates. The Zener-Hollomon parameter (Z)

7 =é(Q), (D.8)

RT

have been used to incorporate the strain rates (¢) and the deformation temperature (T
into a single parameter by several works in FSW [1-3,10,48]. In the equation, R is the gas
constant and @ is the deformation activation energy. The relation between the Zener-
Hollomon parameter and the recrystallised grain size (d) is given by [10,48]

In(d) =a-bxIn(2), (D.9)

where a and b are material constants. For the AA6063 aluminium alloy, the activation
energy is about 153 kJ/mol [49]. Fitting the experimental results in Figure D.7, it was
determined that a and b constants are equal to 15 and 0.44, respectively. In Figure D.7b,
the grain size distribution obtained from the microstructural analysis is compared with
the grain size distribution obtained through the numerical simulation, using Eq. D.8 and
9 and the constants determined using the experimental results. Analysing the figure, it is
possible to conclude that the grain size distribution estimated using the numerical results
satisfactorily reproduce the experimental ones, which validates the numerical model. The
differences between the numerical and experimental results may be explained considering
the differences in constitutive properties between the AA6063 and AA6082 alloys, and
also, by the fact that no mesh refinement was performed in order to capture more

accurately the strain rate and temperature gradients inside the stirred volume.
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Figure D.7 — Microstructure and grain size distribution in the weld nugget.

3.3. Influence of process parameters on the thermo-mechanical conditions

The influence of the process parameters on the contact conditions and strain rates
developed during FSW was analysed by performing numerical simulations, using the
constitutive properties of the AA6063-T6 alloy, the reference material in this study, a(T)
=90 MPa and varying the tool traverse and rotation speeds, as well as the tool dimensions,
represented by the geometry parameter.

In a previous investigation, from the current authors [40], it was already
demonstrated that the rotation speed and the tool dimensions were the main factors
governing the heat generation in FSW. This conclusion is also illustrated in Figure D.8
of this manuscript, which shows the evolution of the temperature (coloured maps) as a
function of @ and G. However, in addition to the temperature evolution, the figure also
shows the evolution of the average sticking fraction (discontinuous lines) and of the
average strain rate (continuous lines), in the stirred material volume. Analysing the
results, it is possible to conclude that in the lower temperatures domain, the sticking
fraction evolves with G and o in the same way as the temperature, i.e. the dashed lines

almost follow the contour of the isotherms. On the other hand, in the higher temperatures
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domain, corresponding to large values of G and @, meanwhile the sticking fraction
becomes very high and almost constant, the temperature continues to increase with G and
@. The graphic also shows that the average strain rate also increases with the rotation
speed, being mainly determined by this parameter.

Since both the temperature and the strain rate deeply vary in the full sticking
domain (6> 0.9), it is possible to conclude that the increase in heat generation is due to
an increase in the adiabatic heat generation associated with the plastic deformation of the
stirred material at very high strain rates [50-52]. Actually, Andrade et al., 2020 [40],
showed that the volume of the stirred material deeply increases in this domain of
temperature and tool dimensions. In order to illustrate the previous assumptions, in Figure
9 are now shown the streamlines that represent the material flow around the tool during
welding, together with the distribution of the logarithmic equivalent strain rate in the weld
cross-sections, for some of the welding conditions whose temperatures are represented in
Figure D.8. Analysing the figure, it is possible to conclude that irrespective of the welding
parameters, the computed strain rate values widely vary in the weld cross-section. It is
also important to observe that the strain rate values are very high at the outer edge of the
tool shoulder, where the tool velocity gradients are higher and a singularity in the strain
rate distribution is determined by the numerical model.

Analysing the streamlines for the weld produced with a tool with geometry
parameter of 351 mm? and rotation and traverse speeds of 600 rpm and 250 mm/min,
respectively, it is possible to conclude that the material is stirred from the advancing to
the retreating side, being deposited approximately one pin diameter backwards, relative
to the tool translational movement. Increasing the traverse speed from 250 to 1000
mm/min lead to a slight decrease in the sticking fraction, from 0.7 to 0.5, but the material
is still extruded around the tool and deposited at the advancing side, in the rear of the tool.
The streamlines are nearest to the tool pin, since the stirred volume decreases when
increasing the traverse speed. When the rotation speed is decreased to 300 rpm, the
sticking fraction reduces to 0.2 and the material does not complete a full rotation around
the tool, which is usually associated to the formation of tunnel defects at the advancing
side of the tool [8,45]. On the other hand, when increasing the rotation speed to 1200 rpm,
it is possible to observe that the material rotated several times under the shoulder,
increasing the strain rate in the stirred volume. A similar material flow pattern was

registered when welding with rotation and traverse speeds of 600 rpm and 250 mm/min,
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respectively, but increasing the tool dimensions from a geometry factor of 351 to 974
mm?. Actually, the figure shows that the material only rotated several times around the
tool when the contact conditions were close to full sticking (8avg > 0.9), i.e. in the very
high temperatures domain of Figure D.8. Another important remark is that the formation
of weld defects, due to the absence of proper material stirring, was only previewed when
the contact conditions were close to full sliding (davg = 0.2).

Temperature [°C]
580
539
498
456
415
374
333
201

- My
Strain rateyeree [57]

o
=
(=

300 B\

Geometry parameter [mm?]

p—
W
<

aaverage

400 600 800 1000 1200 e
Rotation speed [rpm]

Figure D.8 — Evolution of the welding temperatures, average strain rate (continuous lines) and average
sticking fraction (discontinuous lines) with the rotational speed and geometry parameter.
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Figure D.9 — Evolution of the welding streamlines and logarithmic equivalent strain rate maps with the
processing parameters. Labels As, Rs, J, w and v denote advancing side, retreating side, sticking fraction,
rotation speed and traverse speed, respectively.
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In the previous section it was demonstrated that the strain rate and the temperature
fields, obtained in the numerical simulation, enabled to preview with reasonable accuracy
the grain size distribution in the stirred volume. In this way, in the next, the influence of
the process parameters on the thermo-mechanical conditions in FSW will be analysed by
plotting the GS distribution, for different welding conditions, versus the strain rate and
temperature. In Figure D.10 the evolution of the grain size versus the temperature and
strain rate is compared for samples processed with different traverse speeds (Figure
D.10a), rotation speeds (Figure D.10b) and geometry parameters (Figure D.10c). In each
figure, the largest strain rate values, corresponding to local singularities at the outer tool
diameter, were excluded from the graphics, by only considering the values within the
strain rate 99th percentile.

Analysing Figure D.10a, where it is represented the grain size distribution for the
samples welded with two different traverse speeds and two different tools, using 600 rpm
rotation speed, it is possible to conclude that meanwhile the range of strain rates was
similar in all welding conditions, the temperature ranges were markedly different. For the
smaller tool modelled, was registered a much broader welding temperatures range when
welding at 250 mm/min (= 445 °C) than when welding at 1000 mm/min (= 376 °C).
However, when welding at 1000 mm/min, with a tool with much higher shoulder diameter
(G = 974 mm?), the average temperature (=~ 480 °C) was higher than when welding at 250
mm/min and with the lower shoulder diameter tool (~ 445 °C). The similarities in strain
rate values between the three welding conditions are associated to the fact of being used
the same rotation speed in all cases, i.e. the main parameter governing the strain rate in
the stirred volume. So, based on the analysis of the data provided in the graphic, it can be
concluded that the important differences in grain size distribution between the welds
performed with the different traverse speeds, and the same tool, results from the
differences in temperature distribution, in the two samples, associated to the strong
influence of the traverse speed on the heat dissipation during welding [40]. The heat
dissipative effect of the high traverse speed was suppressed when the heat generation was
increased by increasing the shoulder diameter. This conducted to an important rise in the
maximum temperature and the production of a coarse grain microstructure is previewed.

Analysing now Figure D.10b, where is plotted the prevision for the grain size
distribution in the nugget of welds performed with different rotation speeds but a constant

traverse speed of 250 mm/min and the same tool (G = 351 mm?), it can be concluded that
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the coarser grain sizes were previewed for the sample processed with the highest rotation
speed. Actually, the figure once again demonstrates that the maximum strain rate deeply
increases when increasing the rotation speed. However, since the temperature follows the
same trend, and its influence on grain size prevail over that of the strain rate, the use of
high rotation speeds conduct to the production of welds with a large number of coarse
grains intercalated with bands of very small grain size. When diminishing the rotation
speed, the average grain size diminishes and the grain size distribution becomes narrower.

Finally, Figure D.10c refers to welds produced with constant rotation and traverse
speeds of 600 rpm and 250 mm/min, respectively, but with tools with different sizes. The
figure shows that, since the same rotation speed was used in all tests, the strain rate range
was very similar for all the samples. However, due to the strong influence of the tool
dimensions on the heat generation, the temperatures were very different, being much
higher for the weld produced with the larger tool. For these welding conditions, an almost
uniform coarse grain structure is previewed by the numerical simulation. Figure D.10c
also shows the important influence of the tool dimensions on the microstructure, which
is illustrated by the results relative to welds performed with the largest tool geometry and
a rotation speed of 300 rpm. For this welding condition, larger grain sizes are previewed
than when welding with lower tool dimensions but a higher tool rotational speed of 600
rpm. This result is mainly a consequence of the lower strain rates associated with the
rotation speed of 300 rpm, since the temperatures are similar to that of welding operations

performed with smaller tools but higher rotation speeds.

3.4. Influence of base materials plastic properties on the thermo-mechanical
conditions

As previously described, when introducing the base materials modelled, several
conceptual materials were generated in order to analyse the influence of the plastic
properties of the base materials on the thermo-mechanical conditions developed during
FSW. The base materials plastic behaviour, for temperatures of 25 °C and 550°C, and for
a constant strain rate of 100 s, was already represented in Figures D.2a to D.2c. The
figure shows that meanwhile for the low strength conceptual materials the strain rate
sensitivity has no important influence on the material strength at very high temperatures,
for the high strength conceptual material, the strain rate sensitivity may be responsible
for a large difference in strength, at high temperatures, relative to lower strength materials

and the high strength material with lower strain rate sensitivity. Actually, Figure D.2
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shows that the strength of the HSLSRS, at high temperatures and high strain rates, is even

lower than that of the reference material, which has much lower strength at room
temperature but higher strain rate sensitivity.
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Figure D.10 — Evolution of the grain size versus the temperature and strain rate for different traverse
speeds (a), rotation speeds (b) and geometry parameters (c). Labels w, v and G denote rotation speed,
traverse speed and geometry parameter, respectively. Labels Tavg, £avg @nd davg denote average
temperature, strain rate and sticking fraction, respectively.
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In Figure D.11 are now compared, for all the base materials modelled, the
streamlines that represent the material flow around the tool during welding, as well as the
distribution of the logarithmic equivalent strain rate in the weld cross-sections. The results
shown in the figure were obtained for constant rotational and traverse speeds of 600 rpm
and 250 mm/min, respectively, and a tool with a geometry parameter of 351 mm?2. A
consistency parameter a(T) = 500 MPa was used in order to ensure full sticking contact
for all the materials, enhancing the influence of the plastic properties of the base materials
on the material flow and heat generation in FSW. Analysing the figure, it is possible to
conclude that, in spite full sticking contact was simulated for all the base materials (davg
= 1), the material flow varied according to the base material plastic properties. In fact,
meanwhile for the reference (AA6063-T6) and HSLSRS materials, it was previewed that
the material is dragged from the advancing to the retreating side of the tool, being
deposited approximately one pin diameter backwards, after one revolution, for the low
strength materials (LSHSRS and LSLSR) and for the high strength material with high
strain rate sensitivity (HSHSRS), it was previewed that the material is stirred under the
shoulder for more than one revolution before being deposited in the rear of the tool.

In Figure D.12 are now shown the strain rates and temperatures registered for the
different materials once steady state conditions were reached during welding. The figure
shows that meanwhile the temperatures reached during welding increase with the
materials strength at high temperatures, the strain rates diminish, being lower for the
materials with higher strain rate sensitivity. So, from the results in Figure D.12, it is
possible to conclude that welds with the coarser and more uniform grain structure result
from the welding of high strength materials, as a result of the narrower range of strain

rates experienced during welding.
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Figure D.11 — Evolution of the welding streamlines and logarithmic equivalent strain rate with the base
material plastic properties. Labels As, Rs, 6, w and v denote advancing side, retreating side, sticking
fraction, rotation speed and traverse speed, respectively.
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Figure D.12 — Strain rates and temperatures registered for the different materials. Labels HSHSRS and
HSLSRS denote high strength materials with high and low strain rate sensitivity, respectively. Labels
LSHSRS and LSLSRS denote low strength materials with high and low strain rate sensitivity, respectively.
Label RM denote reference material.
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4. Conclusions

In the present work, the influence of the welding velocities, tool dimensions and base

material plastic properties on the contact conditions, strain rates and temperatures in FSW

was analysed by using a coupled 3D thermo-mechanical numerical model. The following

conclusions were reached:

The numerical model is able to predict the evolution of the contact conditions with
the welding time and processing parameters, as well as of capturing the non-
uniform contact conditions at the tool/workpiece interface.

The numerical model is able to predict with satisfactory accuracy the temperature
and strain rate gradients in the stirred volume, enabling to calculate the grain size
distribution in the stirred volume using the Zener-Hollomon parameter (Z). Using
this parameter, it was concluded that in order to obtain a refined microstructure in
the welds it is advisable the use of small diameter tools, to minimise heat
generation, and high rotation speeds, to maximise the strain rate.

The welding temperatures may be estimated using processing parameters and tool
dimensions, for welding conditions corresponding to an average sticking fraction
larger than 20%. The highest temperatures are reached for sticking fractions
higher than 80% and/or high strength materials.

The material flow during welding is determined by the base material plastic
properties, in first, and by the contact conditions at the tool/workpiece interface,
in second. Independently of the base material properties, non-defective welds may
be produced when the average sticking fraction is higher than 50%.

High strength materials with high strain rate sensitivity are more likely to display
coarse grain structures than low strength materials, due to the important influence

of the plastic properties on the strain rate and heat generation.
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Influence of the galvanized coating thickness and process parameters on heat
generation and strength of steel spot welds

Abstract

The influence of galvanized coating thickness, tool diameter and rotational speed, on the
thermal cycles, in spot welding of steels produced by Tool Assisted Friction Welding
(TAFW), a Friction Stir Spot Welding (FSSW) related technique, is analysed. To study
the influence of the galvanized coating thickness on the thermal cycles, thin steel plates
commonly used in steel construction and automotive industry with galvanized coatings
of varied thicknesses were welded. Numerical simulation of the welding process was
conducted to understand some of the physical phenomena observed experimentally.
Numerical and experimental results were compared and discussed. The influence of the
above described parameters, as well as of the dwell time, on welds strength was also
characterized. The results showed that steel spot welds with very good mechanical
strength can be obtained in very short process cycle times. It was also determined that the
welds strength was much higher than the minimum strength recommended for resistance
spot welds (RSW).

Keywords: TAFW, FSSW, Steel, Heat generation, Numerical modelling, Mechanical
strength.
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Appendix E

1. Introduction

Spot welds are mainly used in the automotive, shipbuilding, railway and aeronautical
industries, in thin plates joining, due to the very fast processing cycle time, in comparison
to riveted joining. Spot welding also ensures low plates distortion, in comparison to seam
welding. At the industrial level, steels spot welding is mainly done by Resistance Spot
Welding (RSW). However, some difficulties may arise when using RSW to weld
galvanised and high strength steels. The galvanised coating causes inadequate heat
conduction during welding and diminishes the electrode life [1,2]. Also, when welding
high strength steels, the high temperatures and fast cooling rates associated with RSW
may lead to the formation of brittle microstructures [3]. Friction Stir Spot Welding
(FSSW), a solid state welding process, which is a variant of the Friction Stir Welding
(FSW) technology, is a very promising technique to overcome these RSW limitations.
According to some authors, FSSW is also an energy-efficient alternative to RSW [4].

In the FSW and FSSW of steels and other high melting point materials, the intense
tool pin damage and/or wear represents, according to Cam, 2011 [5] and Rai et al., 2011
[6], a huge drawback. In spite of this, the development of durable and economic tools,
capable of welding such kind of materials, as not yet been achieved. However, in the
welding of thin plates, one possible solution for this problem may be the use of pinless
tools. These tools were already used with success in butt and lap welding of several steels,
as well as in spot welding.

Mira-Aguiar et al., 2016 [7] used a tungsten carbide pinless tool, with a diameter
of 12 mm, in the linear lap welding of 1mm thick DX51D and DCO1 steels, with rotational
and traverse speeds of 1000 rpm and 600 mm/min, respectively. According to the authors,
due to the absence of the tool pin no material mixing along the base material thickness
was observed, and the welding occurs due to the combination of very high pressure and
temperature at the plates interface. Since the welding mechanisms were reported to be
different from the ones in FSW, the authors labelled the process as Tool Assisted Friction
Welding (TAFW). Andrade et al., 2018 [8] also used the TAFW process to produce lap
welds in 1mm thick DX51D steel plates, under a varied range of tool diameters (10 to 16
mm), rotational speeds (600 to 1400 rpm) and traverse speeds (200 to 1200 mm/min).
The authors obtained welds with mechanical strength equal to the base material ultimate
tensile strength, for traverse speeds up to 1000 mm/min. For the range of process

parameters tested no hook or cold-lap defects were found.
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Kim et al., 2017 [9] tested a WC-Co pinless tool in the butt welding of 1mm thick
430M2 ferritic stainless steel. Welds without any defects and with mechanical strength
equal to the base material were produced using a tool with 6 mm diameter and rotational
and traverse speeds of 900 rpm and 96 mm/min, respectively.

Sun et al., 2019 [10] analysed the influence of the rotational speed in the
mechanical strength of low carbon steel spot welds produced with pinless tools. The steel
welds were produced using very low rotational speeds, between 5 to 50 rpm, but high
axial loads, between 6 to 8 t. Due to the very low heat input, a dwell time of 30 s was
used in order to obtain good quality welds. According to the authors, the weld
metallurgical bonding at the plates interface resulted from plastic deformation enhanced
atomic inter-diffusion. It was found that increasing the rotational speed and axial load
leads to an increase in the welds mechanical strength.

Pinless tools have also been used by van der Rest et al., 2014 [11], to produce lap
welds between a 0.8 mm thick microalloyed ultralow carbon steel and 1 mm thick Al
1050 or 2 mm thick Al 2024 T3 sheets. A tungsten carbide tool with 16 mm, with a
constant rotational speed of 2000 rpm and varied traverse speeds between 100 to 700
mm/min were used. During welding, the higher melting point material was placed in the
top of the joint, enabling very high temperatures at the plates interface that lead to partial
melting of the bottom sheet. The joining between the two sheets occurred due to the
formation of Al-Fe intermetallics, which lead the authors to label the process as Friction
Melt Bonding (FMB). Similarly, Zhang et al., 2011 [12] used a pinless tool for the lap
welding of 1.8 mm thick aluminium to low carbon steel plates. Although, in this case, the
lower melting point material was placed at the top of the weld and the joining between
the plates resulted from the melting of a 0.1 mm thick zinc foil, placed between the two
sheets.

The feasibility of the TAFW process to produce steel lap welds at very high
traverse speeds and with good mechanical strength was already demonstrated by Mira-
Aguiar et al., 2016 [7] and Andrade et al., 2018 [8]. On the other hand, the feasibility of
the TAFW process to produce steel spot welds with good mechanical strength at short
process cycle times remains unexplored. The present work aimed to analyse the influence
of the process parameters and galvanized coating thickness on the heat generation and
mechanical strength of steel spot welds, produced using TAFW. Numerical simulation of

the process was performed in order to provide a better insight into the heat generation and
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bonding mechanisms. Welds strength was evaluated by performing shear tension tests of

specimens produced for a wide range of welding conditions.

2. Experimental procedure

In this work, friction stir spot welds in a mild steel (DC01) and three galvanized steels
(DCO01-ZE25/25, DX51D-Z140 and DX51D-Z200) were produced. The base materials
ultimate tensile strength (UTS), hardness (HVo.2), equivalent carbon content (Ceq) and
galvanized coating thickness (CT) are shown in Figure E.1. The base materials were
properly selected in order to have similar chemical composition and mechanical
properties, while having different galvanized coating thicknesses. Throughout the text,
the base materials DC01, DCO01-ZE25/25, DX51D-Z2140 and DX51D-Z200 will be
labelled as DC, DCR2.5, DXR10 and DXR14, respectively.
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Figure E.1 — Base material properties: carbon content (Ceq), galvanized coating thickness (CT), hardness
(HVo.2) and ultimate tensile strength (UTS).

The spot welds were produced in position control using tungsten carbide pinless
tools with flat shoulders. Plates dimensions were 80x80x1 mm. As in FSSW, a three-
stage welding operation was adopted, consisting of the tool penetration, the dwell period
and the tool removal. To analyse the influence of the tool diameter, rotational speed,
galvanized coating thickness and dwell time on the heat generation, three different
experimental trials were conducted as described in Table E.1. the influence of the process
parameters on the heat generation was assessed by producing welds in DC steel, the

uncoated reference material, and varying the rotational speed and tool diameter between
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870 to 1500 rpm and 10 to 16 mm, respectively. The influence of the galvanized coating
thickness on the heat generation was analysed by producing welds in DC, DCR2.5,
DXR10 and DXR14 steels with rotational speeds between 870 and 1500 rpm and a
constant tool diameter equal to 12 mm. In all these tests, a plunge depth of 0.5 mm and a
dwelling period of 60 s were used. Finally, the influence of the above described
parameters, as well as the influence of the dwell time, on the welds strength, was assessed
by testing dwelling periods of 5, 15, 30 and 60 s, in DC and DXR14 steels, i.e. in the
uncoated steel and the steel with the highest coating thickness, for all the rotational speeds
and tool diameters tested in this work. In order to ensure the reproducibility of the results,
for each welding condition, at least, two welding trials were performed. Along the text,
the tools will be labelled according to the shoulder diameter, for example, the tool with a

16 mm shoulder diameter will be labelled PL16.

Table E.1 — Welding parameters.

Experimental Tool diameter Rotational

trial Base material [mm] speed [rpm] Dwell time [s]
1 DC 10- 16 870 - 1500 60
DC

DCR2.5

2 DoRe 12 870 - 1500 60
DXR14

3 DC 10- 16 870 - 1500 5-60
DXR14

The welds strength was evaluated by performing shear tension tests, in quasi-static
loading conditions (2 mm/min~t). Digital Image Correlation (DIC) was used for strain
data acquisition following the practices described in Leitao et al., 2012 [13] and Leitao et
al., 2013 [14]. The shear tension sample is schematized in Figure E.2. In order to prevent
bending of the samples during testing, plates with thickness equal to that of the welded
sheets were attached at each end of the shear tension samples.

The welding thermal cycles were recorded with a thermographic camera and
analysed as described in Andrade et al., 2019 [15]. After welding, transverse samples
were cut from the welds, prepared according to standard metallographic practice, etched
with 2% Nital and observed using an optical microscope. Grain size measurements were

conducted by using an image analysing software.
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Figure E.2 — Schematic representation of the shear tension sample.

3. Numerical model

The TAFW process was modelled by using an already developed three-dimensional
numerical model proposed by Chiumenti et al., 2013 [16] and Dialami et al., 2013 [17].
In this model, a Lagrangian formulation is used for the rotating tool, while ALE and
Eulerian formulations are used for the stir zone and the rest of the workpiece, respectively.
The coupled thermo-mechanical model, as well as the numerical strategies used to solve
the problem, are described in detail in Dialami et al., [18—20]. The Norton’s friction law
was used to model the friction at the tool/workpiece interface:

7 = a(T)||Av]|9 1 Av,. (E.1)

In the equation, 7 is the friction shear stress, Avs is the relative sliding velocity between
the tool and the workpiece, q is the sensitivity to the sliding velocity and a(T) is the
consistency parameter. The geometry of the model and the mesh discretisation are shown
in Figure E.3. For the tool and the workpiece, a computational mesh of around 21000

nodes and 115000 tetrahedral elements were used.

[0 Eulerian
O ALE
@ Lagrangian

Figure E.3 — Model geometry and mesh discretisation: workpiece (a) and tool (b).
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4. Results and discussion

4.1. Influence of process parameters on heat generation

The thermal cycle and the cross section of the weld produced in DC steel, with the PL12
tool and with a rotational speed of 1140 rpm, are shown in Figure E.4a and E.4b,
respectively. Analysing the welding thermal cycle, it is possible to observe that the
temperature rapidly increased as soon as the tool was plunged in the workpiece. A peak
temperature, of around 935 °C, was reached at the end of the dwelling period (60 s). After
the tool removal, the temperature started to decrease. In Figure E.4b it is shown a weld
cross section, after chemical etching, where is possible to observe a darker region that
corresponds to the process affected zone (PAZ), with a microstructure different from that
of the base material. Since pinless tools were used, the material stirring across the plates
thickness was suppressed, as is shown by the continuous line at the mid thickness of the
weld. Although no stirring took place at the plates interface, joining of the plates occurred
as is shown by the micrograph in Figure E.5a, where is possible to observe the
microstructural continuity between the top and the bottom sheets, which shows that the
joining between the plates occurred due to diffusion mechanisms associated with the very
high pressure and temperatures attained during welding. Actually, the only
tool/workpiece interaction was observed in a thin region at the top of the welds. This
region is shown in more detail in Figure E.5h, where it is possible to observe a dark layer
containing tool remnants, as revealed by the SEM/EDS analysis (Figure E.5c). Concentric
rings are also observed in the weld surface in Figure E.4, which resulted from the intense
wear that the tool is subjected during the welding process. Independently of the process
parameters tested and tool geometries used, all the spot welds produced presented similar
morphology.

The microstructural evolution from the PAZ to the non-affected base material is
shown in more detail in Figure E.6a, using a grain size (GS) distribution map. In Figure
E.6b and c are shown the GS distribution and GS average values, respectively, for the
regions 1, 2 and 3, identified in the cross section of Figure E.6a. In the figures, it is also
shown the GS distribution and the average GS for the base material. The figures enable
to observe a continuous decrease in the grain size from zone 1, outside the PAZ, to zone
3, inside the PAZ. These grain size refinement in zone 3 is due to the high temperatures,
higher than Ay, that allow the steel allotropic transformations to occur. On the other hand,
an increase in the grain size, relative to the base material was observed in zones 1 and 2,

due to the long exposure (60 s) of these regions to temperatures below Ai. A similar
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microstructural evolution was already reported by Lienert et al., 2003 [21], Fujii et al.,
2006 [22], Karami et al., 2016 [23] and Sekban et al., 2017 [24] in the heat affected zone
(HAZ) of steel welds produced by FSW. The similarities between the PAZ and the HAZ,
of welds produced by FSW, once again prove the absence of base materials stirring in the
spot welds produced by TAFW.
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Figure E.4 —Welding thermal cycle (a) and cross section view (b) for the weld produced in DC steel with
a rotational speed of 1140 rpm and with a tool diameter of 12 mm.
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Figure E.5 — Magnification of the weld microstructure at the plates bonding interface (a), at the top of the
weld (b), and SEM/EDS analysis (c).

In Figures E.7a and b are now shown the velocity and temperature map
distributions along the weld cross section, respectively, obtained when simulating the
experimental conditions of the weld shown in Figure E.4. In Figure E.7b it is also
represented, using a black dashed line, the shape of PAZ in Figure E.4, obtained by
eliminating the microstructure with an image editing software. The velocity profile, in
Figure E.7a, shows that the stirring action of the tool was limited to a region close to the
weld top surface, which correspond to the weld region were higher amount of tool

remnants were observed. The computed velocity values are zero at the plates interface,
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which supports the previous assumption that no stirring occurred across the base materials
thickness. The regions where the velocity values are higher also correspond to the regions
with higher welding temperatures. For this weld, the thermographic camera registered a
maximum temperature of 935 °C, which corresponds to the temperature obtained through
the numerical simulation near the tool/workpiece outer edge interface, as shown in Figure
E.7b. The temperature distribution also shows that the PAZ starts in a region where the
temperatures are around 730 °C, which correspond to the A: temperature of the DC steel.
The temperature gradient in Figure E.7b is also in good agreement with the GS
distribution in Figure E.6.
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Figure E.6 — Microstructural evolution from the non-PAZ to the PAZ (a). Grain size distribution for the
welding zones 1, 2 and 3 and for the DC base material (b-c).
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Figure E.7 — Velocity (a) and temperature profiles (b), along the weld cross section, produced with a
rotational speed of 1140 rpm and with a tool diameter of 12 mm.

In Figure E.8 is now shown the evolution of the maximum welding temperatures
registered in the experimental tests, i.e. using different rotational speeds and tool
diameters. Analysing the figure, it is possible to conclude that the welding temperature
always increased with the increase of the tool diameter, independently of the rotational
speed used. Although, the influence of the tool diameter in the temperature is higher when
lower rotational speeds are used. For a rotational speed of 870 rpm, increasing the tool
diameter from 10 to 16 mm lead to an increase in temperature of 480° C, while for a
rotational speed of 1500 rpm, the same variation in the tool diameter only lead to a
variation in temperature of 220 °C. On the other hand, the rotational speed only affects
the maximum welding temperatures for small tool diameters. For the PL10 and PL12
tools, increasing the rotational speed from 870 to 1500 rpm lead to a variation of 200 °C
in the welding temperature. For the larger tool diameter tested no influence of the
rotational speed on the welding temperatures was observed. Instead, a temperature

threshold of around 1100 °C was registered.
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Figure E.8 — Evolution of the welding temperatures with the rotational speed and tool diameter, for the
DC steel.

4.2. Influence of the galvanized coating on heat generation
The influence of the galvanized coating thickness on the maximum welding temperatures
is shown in Figure E.9. These results were obtained for welds produced in DC, DCR2.5,
DXR10 and DXR14 steels, with the PL12 tool and by varying the rotational speed from
870 to 1500 rpm. Analysing the figure, it is possible to conclude that for low rotational
speeds, the maximum welding temperature decreased with the increase of the galvanized
coating thickness. Although, by increasing the rotational speed, the effect of the
galvanized coated thickness on the welding temperature decreased. More precisely, for
the rotational speeds of 870 and 1140 rpm, increasing the galvanized coating thickness
from 0 to 14 um, resulted in a variation of around 100 °C in the welding temperature,
while for the rotational speed of 1500 rpm only a small variation of 15 °C was registered.
Figures E.10a and b show the evolution of the welding thermal cycles, obtained
for the rotational speeds of 870 and 1500 rpm, respectively, with the galvanized coating
thickness. In the figures, it is also shown the galvanized coating melting (420 °C) and
boiling (709 °C) temperatures. From the figure, it is possible to conclude that, at 870 rpm,
the rate of heat generation was lower for the welds performed with the thicker galvanized
coatings. For this rotational speed, the welding temperatures were always higher than the
melting temperature of the galvanized coating but lower than its boiling temperature. The
only exception was in the welding of the DCR2.5 steel, which was the steel with the
lowest galvanized coating thickness, which reached temperatures similar to the ones

registered for the DC steel at the end of the dwelling stage. On the other hand, increasing
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the rotational speed to 1500 rpm, increased the centrifugal action of the tool, allowing the
welding temperatures to be superior to the boiling temperature of the galvanized coating
due to the removal of the coating from the tool-workpiece interface. So, for these welding
conditions, the galvanized coating did not affect the heat generation and a threshold in

the welding temperature was reached independently of the galvanized coating thickness

used.
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Figure E.9 — Evolution of the welding temperature with the rotational speed and galvanized coating
thickness.
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Figure E.10 — Evolution of the welding thermal cycles with the galvanized coating thickness for a
rotational speed of 870 rpm (a) and 1500 rpm (b).

To better understand the effect of the galvanized coating on the heat generation,
numerical simulations were performed with different friction values at the tool/workpiece

interface. The friction values were varied by ranging the consistency parameter (a(T)),
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from Eq. E.1, between 0.5 to 500 MPa. By using such a wide range of a(T) values, it is
expected to simulate different contact conditions at the tool/workpiece interface, i.e.
slipping, mixed slipping/sticking and sticking. In order to assess the contact conditions
between the tool and the workpiece, the contact state variable proposed by Schmidt et al.,
2003 [25] was used:

v
§ = 22 (E2)
vtool

In the equation, ¢ is the sticking fraction, vew is the velocity of the base material at
the tool/workpiece interface, and vioo IS the tool velocity. According to the previous
equation, when the contact state variable is equal to one, it means that the base material
velocity at the tool/workpiece is equal to the tool velocity, and fully sticking contact
conditions are reached. On the other hand, when the contact state variable is equal to zero,
it means that no material is extruded around the tool, and the contact is fully slipping. In
the next, the contact conditions were characterized by calculating the average sticking
fraction for all the points along the tool/workpiece interface.

In Figure E.11 is compared the evolution of the welding temperatures, obtained
numerically (Figures E.11a), for different levels of friction, with the welding thermal
cycles measured experimentally (Figures E.11b) for the DC and DXR14 base materials,
i.e. the uncoated base material and the base material with the thicker galvanized coating.
The results in the figure correspond to the welding operations conducted with the PL12
tool and the rotational speed of 870 rpm. In Figures E.11c to f are shown the velocity
profiles for different friction values between the tool and the base material. From the
figure, it is possible to conclude that there was a gradual increase of the welding
temperatures and of the sticking fraction when the consistency parameter was increased.
For very low values of a(T), fully slipping contact conditions prevailed (6 = 0) and no
stirring took place at the tool-workpiece interface, as is possible to see in the velocity
profile shown in Figure E.11c. The tool only starts to stir material for values of a(T) higher
than 30 MPa (8 = 0.1), as shown in Figure E.11d. With the gradual increase of a(T) there
was an increase in the amount of material stirring until a limit is reached at a(T) equal to
100 MPa (Figure 11f). For a(T) >100 MPa sticking contact conditions prevailed (3 > 0.6)
and the welding temperature becomes independent of the friction value. The evolution of
the temperature with a(T), obtained through the numerical simulation, is similar to the
welding thermal cycles for the galvanized steels, allowing to conclude that the melting

and expulsion of the galvanized coating from the tool-workpiece interface during welding
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has a strong influence on the contact conditions. More precisely, during welding, the tool
axial load and centrifugal action expel the galvanized coating from the welding region,
which allow a continuous increase of friction at the tool workpiece interface and of the
welding temperature over time. According to Figures E.11 b, for the DXR14 steel, a large
amount of the galvanized coating remained trapped at the tool workpiece interface,

promoting prevalent sliding conditions (& < 0.1), during the 60 s dwelling period.
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Figure E.11 — Comparison between the welding temperatures, obtained through numerical simulation, for
different levels of friction (a), with the welding thermal cycles for the DC and DXR14 welds (b),
produced with the PL12 tool at 870 rpm. Velocity profiles, along the weld cross section, for different
levels of friction (c-f).

4.3. Influence of the process parameters on welds strength

The load-displacement curves obtained in the shear tension tests of the DC steel welds,
produced with the PL12 tool, at 870 rpm and welding times of 5, 15, 30 and 60 s, are
shown in Figure E.12a. In Figure E.12b are shown the fractured shear tensile specimens
and the respective failure modes, and in Figure E.12c is shown the Mises strain
distribution maps, at maximum load, for the specimens tested. Since the weld produced
in 5 s experienced premature failure, while preparing the samples for the shear tensions
tests, no load-displacement curves or strain distribution maps were added in the figure for
this welding condition. Analysing the figure, it is possible to conclude that the weld
produced with a welding time of 60 s showed the highest mechanical strength. This weld

also had higher elongation and plastic deformation than the other welds, as it is possible
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to conclude from the load-displacement curves and the strain distribution maps. Reducing
the welding time leads to a decrease in both strength and plastic deformation.

According to Figure E.12b, the fracture behaviour of the samples can be divided
into two groups, i.e. interfacial fracture, in which fracture occurs by separation of the
faying surfaces, and plug fracture, in which the fracture occurs by crack propagation along
the weld perimeter. Actually, for these welds, all produced with dwell times equal or
higher than 15 s, no plastic deformation was recorded inside the PAZ (Figure E.12c),
which shows the very good quality of the bonding.
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Figure E.12 — Load-displacement curves (a), fractured tensile specimens (b) and Mises strain distribution
maps (b-d) for the welds produced in the DC steel at 870 rpm and with the PL12 tool.

30s

The influence of the rotational speed, tool diameter, welding time and galvanized
coating thickness on the strength of the welds is shown in Figure E.13. It is important to
enhance that most of the shear tension samples, which strength is shown in the figure,
displayed plug fracture mode. The only exceptions were for the welds produced in DC
steel, with the PL12 and PL10 tools, 870 rpm and 5 s dwelling time, and for the DXR14
steel welds produced with the PL12 tool, 1500 and 870 rpm and dwelling times lower
than 15 s. Analysing the figure, it is possible to observe that the strength of the joints

significantly varied according to the welding conditions used. For the non-galvanized
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steels, the strength always increased by increasing the tool diameter, irrespective of the
rotational speed and dwell time, enabling to conclude that the tool diameter is the main
factor determining the metallurgical bonding area. On the other hand, for short process
cycle times, when welding with small tool diameters, PL10 and PL12, increasing the
rotational speed increased the strength of the joints. When welding with the PL16 tool,
no influence of the rotational speed on the joint strength was registered. These results are
related to the strong influence of the shoulder diameter and rotational speed on the heat
generation shown in Figure E.8. According to this figure, for the large tool diameters, the
temperature remained constant independently of the rotational speed used, while for the
smaller tool diameters, the maximum welding temperature increased with the increase of
the rotational speed. It is possible to conclude that increasing the welding heat input
improved the joint strength.

Another important factor governing the strength of the joints is the welding time.
Analysing the figure, it is possible to observe that increasing the welding time from 5 to
15 s, for the PL10 and PL12 tools, at a constant rotational speed of 870 rpm, lead to a
substantial increase in the joint strength. It is also important to notice that for welding
times higher than 30 s, no influence of the rotational speed or welding time on the joints
strength was registered.

Comparing now the strength of the uncoated steel (DC) to that of the galvanized
steel (DXR14), itis possible to conclude that the galvanized coating has a strong influence
on the joint properties. While for the welds produced in the DC steel with the PL12 tool
and a rotational speed of 870 rpm, effective joining between the plates interface was
obtained for 15 s dwell time, for the DXR14 steel welds produced with the same
processing parameters, the joining between plates only occurred for 30 s dwelling time.
Also, for the DXR14 steel, no effective joining occurred for a welding time of 5 s, even
when using a rotational speed of 1500 rpm. According to the analysis performed in the
previous section, these results are related to the fact that the galvanized coating works as
a lubricant at the tool/workpiece interface, reducing the heat generation.

Finally, it is also important to notice that the maximums loads were always higher
than the minimum shear tension strength recommended for joints produced by resistance
spot welding, according to the AWS D8.1 [26] standard. This is represented in the figure
by the red line. Despite the use of a pinless tool, which, as already demonstrated,
suppresses the base materials stirring across the faying surfaces, the joints produced by

TAFW showed very good mechanical performance.
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According to the previous results, for the spot welding of non-galvanised steels,
in order to obtain welds with high mechanical strength, at fast production rates, it is
recommended the use of a rotational speed of 1500 rpm, independently of the tool
diameter. At this rotation speed, current results indicate that the welding time may be less
than 5s. On the other hand, for galvanised steels, it is recommended the use of welding
times higher than 5s, to ensure that the galvanised coating, which as a detrimental effect
on the joint strength, is expelled from the weld region. For these steels, the welding time
should be optimized according to the coating thickness and tool diameter.

a) PL10 - DC b) PL12 - DC ¢) PLI6 - DC d) PL12 -DXRI14
12000 - 1 1o o® 4 p
— o ° ]
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5 ; ;
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Figure E.13 — Influence of the rotational speed, shoulder diameter, welding time and galvanized coating
thickness on the shear tensile load of the welded joints.

4. Conclusions

In the present work, the influence of the welding time on the joint strength, and the
influence of the rotational speed, tool diameter and galvanized coating thickness on the
welding thermal cycles during TAFW of steels were studied. In the analysis performed,
the experimental results were coupled with a numerical analysis of the welding process.
The following conclusions can be drawn:

e The numerical model used was able to reproduce the evolution of the welding
temperatures registered under different process parameters and contact
conditions.

e The welding temperatures always increases with the tool diameter, that was found
to be the main factor governing the heat generation. For small tool diameters, the
increase of the rotational speed increases the welding temperatures. For large tool
diameters, no variation on the welding temperatures with the rotational speed

occurs.
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During welding, the galvanized coating reduces the friction and the heat
generation at the tool/workpiece interface. The effect of the galvanized coating
may be suppressed by using very high rotational speeds.

Despite the absence of a pin and base material stirring across the plates interface,
the joints present very good strength. In order to obtain welds with good strength
while using very short process cycle times (5 s), required in industrial
applications, the use of large tool diameters and high values o rotational speed is

recommended.
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